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This study explores the interfacial and heat transfer characteristics of annular 
condensation of FC-72 in vertical downflow, vertical upflow and horizontal flow as well 
as the effects of channel orientation on flow condensation.  Two separate condensation 
test modules are employed, one for high-speed video imaging of the film interface and 
the second for heat transfer measurements.  Condensation in both test modules is 
achieved by rejecting the heat to a counterflow of cooling water.  The heat transfer 
measurements are obtained along the inner wall of an 11.89-mm i.d. and 1,259.84-mm 
long stainless steel tube.   
For vertical downflow, the film at very low FC-72 flow rates is observed to be 
both smooth and laminar.  The film turns turbulent with a very wavy interface as the flow 
rate of FC-72 is increased, especially for exit film Reynolds numbers above 1,800.  The 
heat transfer coefficient decreases axially because of a gradual thickening of the liquid 
film.  However, the data show a downstream minimum before the heat transfer 
coefficient increases again towards the outlet as the film transitions to turbulent flow, 
enhanced by the more intense downstream waves.  A control-volume-based model is 
proposed, which incorporates an eddy diffusivity profile for the liquid film that accounts 
xix 
 
for interfacial dampening of turbulence due to surface tension.  The model shows good 
accuracy in predicting the average condensation heat transfer coefficient data, evidenced 
by a mean absolute error of 12.59%.   
Upflow condensation is complicated by the relative magnitude of the opposing 
vapor shear and gravity.  This study also examined the different flow regimes for 
condensation of FC-72 in vertical upflow.  Four regimes are identified, falling film, where 
the condensing film drains downwards by gravity opposite to low velocity vapor flow, 
oscillating film, corresponding to film flow oscillating between upwards and downwards, 
flooding, where film begins to be sheared upwards by the vapor core, and climbing film, 
where high vapor velocity causes the film to be sheared upwards.  The four flow regimes 
are well segregated in a flow regime map based on dimensionless superficial velocities of 
the vapor and liquid.  The condensation heat transfer coefficient is shown to decrease 
axially because of gradual thickening of the film, except for high mass velocities, where 
turbulence and intensified interfacial waviness cause downstream heat transfer 
enhancement.  The annular flow model is modified to account for the reversed orientation 
of gravity, and shows fair predictions for the climbing film regime.  The predictive 
accuracy of the model is influenced by flow oscillations occurring downstream of the 
climbing film region and inability of the model to account for interfacial waves. 
For condensation of FC-72 in horizontal tubes, dominant condensation flow 
regimes are identified for different combination of mass velocities of FC-72 and cooling 
water using high-speed video motion analysis..  Additionally, detailed heat transfer 
measurements are used to explore both axial and circumferential variations of the 
condensation heat transfer coefficient.  Four different regimes are identified: stratified, 
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stratified-wavy, wavy-annular with gravity influence, and wavy-annular without gravity 
influence.  In the latter regime, which is achieved at high FC-72 mass velocities, annular 
film transport is dominated by vapor shear with negligible gravity effects.  Using 
different types of regime maps, prior relations for transitions between regimes are 
assessed, and new, more accurate transition relations developed.  The heat transfer 
coefficient is shown to be highest near the inlet, where quality is near unity and the film 
thinnest, and decreases gradually along the condensation length because of axial 
thickening of the liquid film.  This study also explores the predictive capabilities of prior 
heat transfer correlations and a control-volume-based annular flow model.   The 
experimental data of both the local and average condensation heat transfer coefficients 
show fair to good agreement with predictions of prior and popular correlations.  But 
superior predictions in both trend and magnitude are achieved with the annular flow 
model.  
The study of orientation effects on flow condensation explores condensation of 
FC-72 in a circular tube at three different flow orientations including horizontal flow, 
vertical downflow, and vertical upflow with the aid of detailed heat transfer 
measurements and high-speed video motion analysis. Using the video analysis, the 
behavior of liquid film and influence of gravity are investigated for different 
combinations of mass velocity of FC-72 and cooling water for three flow orientations.  
Utilizing the condensation module for heat transfer measurements, axial and 
circumferential variations of the condensation heat transfer coefficient for different flow 
orientations are explored.  Local and average condensation heat transfer coefficients from 
the three flow orientations are compared to each other to assess the influence of body 
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force on condensation heat transfer.  Flow conditions that negate the influence of body 
force are identified.  Using the annular flow model, the magnitudes of different forces 
acting on the liquid film are compared to each other for different combinations of mass 









CHAPTER 1. INTRODUCTION 
1.1  Phase Change Thermal Management Systems and Condensation in Tubes 
Condensers are thermal devices found in numerous industries, including power 
generation, food, pharmaceutical and space.  They also constitute one of the primary 
components of any refrigeration or air conditioning system.  Recently, increased power 
densities in modern electronic and power devices has created the need for specialized 
phase-change thermal management systems to tackle both the heat acquisition from the 
device by boiling, and the heat rejection to the ambient by condensation.  These 
applications include high performance computers, electrical vehicle power electronics, 
avionics, and directed energy laser and microwave weapon systems [1,2].  Proposed 
thermal management systems for these applications include boiling modules that rely on 
a variety of configurations, including spray [3-5], jet [6-9], and micro-channel cooling 
schemes [2,10-13], as well as techniques to enhance surface micro-structure [14].  
Unfortunately, far less emphasis has been placed on the heat rejection, or condenser part 
of these systems. 
Condensers come in a wide variety of designs.  Some rely on gravity to drive the 
condensate liquid, while, in most, the condensate is shear-driven by the vapor flow.  
Shell-and-tube designs involve condensation of vapor along the outer walls of parallel 
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horizontal tubes, while vertical condensers rely on condensation along multiple vertical 
tubes. 
Formation of the liquid film has a strong bearing on the performance of any 
condenser.  In fact, the high condensation heat transfer coefficients realized in condensers 
are the direct result of the transport behavior of the liquid film.  For very thin films, heat 
transfer across the film is dominated by pure conduction, while thicker films also benefit 
from turbulent eddies. 
For condensation in tubes, the flow is introduced in mostly vapor state.  With a 
wall temperature smaller than the saturation temperature of the vapor, heat is transferred 
to the wall by gradually transforming the vapor into liquid.  A succession of flow regimes 
is possible, starting with the annular flow regime, where a thin liquid film is formed 
along the wall, driven mostly by the shear forces exerted by the vapor core.  The film is 
initially very thin but grows gradually in thickness.  This gradually thickening, aided by 
the formation of interfacial waves, ultimately leads to bridging of liquid films across the 
vapor core and formation of slug flow.  In the slug flow regime, the oblong bubbles 
gradually decrease in length and are replaced by a dispersion of smaller bubbles, which 
are characteristic of the bubbly regime.  Finally, a pure liquid flow regime is established 
as all remaining vapor is converted into liquid. 
1.2  Annular Flow Regime 
The annular flow regime is perhaps the most important condensation regime, 
given that this regime contributes the highest heat transfer coefficients as well as tends to 
occupy a significant fraction of the tube length in most practical condensing systems.  
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This explains the greater emphasis investigators place on modeling this regime compared 
to all other condensation regimes. 
Studies on annular condensation in tubes have resulted in different approaches to 
predicting the condensation heat transfer coefficient.  The vast majority of authors rely on 
the use or development of semi-empirical correlations [15-26].  A key limitation of the 
semi-empirical approach is limited validity to only the parameter ranges of the database 
upon which a correlation is based.  “Universal” correlations applicable to many fluids and 
very broad ranges of operating conditions, including pressures approaching the critical 
point, are very few.  Researchers at the Purdue University Boiling and Two-Phase Flow 
Laboratory (PU-BTPFL) have developed universal correlations for a number of important 
two-phase flow configurations, including flow boiling critical heat flux [27-30] and, more 
recently, pressure drop in horizontal, adiabatic mini/micro-channels [31], and 
condensation heat transfer coefficient in horizontal mini/micro-channels [32].  However, 
these universal correlations can be developed for a given two-phase flow or heat transfer 
configuration only after a very comprehensive database for the same configuration is 
amassed and made available to the heat transfer community at large.  
An alternative to the use of limited range correlations or universal correlations is 
the control volume approach, where conservation models are applied separately to the 
liquid film and vapor core.  Investigators at PU-BTPFL have successfully used this 
approach to model a variety of two-phase flow configurations, including pool boiling 
[33,34], and vertical separated flow boiling along short walls [35,36] and long heated 
walls [37-40].  Recently, they also used the control volume approach to construct a new 
model for annular condensation in horizontal mini/micro-channel flows [41].  The 
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success of the control volume approach is the primary reason behind adopting the same 
approach in the present study. 
The validity of any predictive model is highly dependent on its effectiveness in 
capturing the underlying physical mechanisms.  This is especially the case with thin film 
flows, where transport behavior is complicated by the influence of surface tension forces 
on turbulent eddies in the film [41,42-46], and by interfacial waves [47,48].  
Unfortunately, these complicating features require very complex simultaneous 
measurements of film thickness [47-49], interfacial wave shape and speed [47-48], and 
flow field [48], which are not possible with very thin films. 
1.3  Vertical Upflow Condensation 
 Vertical upflow condensation is encountered when the vapor is supplied upwards 
from the bottom of a vertical tube.  At low vapor velocities, a falling film regime is 
encountered, where the condensing liquid film is driven downwards by gravity, opposite 
to the direction of the vapor flow.  This regime is highly complicated by the role of 
interfacial waves, and is reminiscent of the complex interfacial behavior encountered in 
flow boiling at low velocities in vertical downflow [37-38,50-51].  Increasing the vapor 
velocity increases the vapor shear exerted on the film interface, which begins to slow the 
downward motion of the liquid film.  A particular vapor velocity is reached that causes 
the interfacial portion of the film to be carried upwards rather than drain to the bottom.  
This condition is termed the onset of flooding, or simply the flooding point [52].  There is 
a finite vapor velocity range between the onset of flooding and the condition where the 
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entire liquid film begins to be carried upwards.  Above the latter condition, climbing film 
flow is achieved, as the vapor shear begins to dwarf the influence of gravity.   
The ability to predict flooding is crucial to the design and operation of condensers 
in which vapor flows upward.  However, a survey of the flooding literature by Bankoff 
and Lee [52] (i) points to most findings being based on experiments performed in 
relatively large diameter tubes, and (ii) reveals a dearth of reliable predictive tools.  The 
most popular predictive tool for flooding is a relation by Wallis [53] that is based on the 
densities and superficial velocities of the vapor and liquid, and the tube diameter.  
Various attempts were made to improve the Wallis relation by incorporating the 
influences of additional parameters such as inlet and exit geometries, inclination angle, 
and other fluid properties [54-63].  However, the complexity of the flooding mechanism 
has led some to the conclusion that no reliable correlations or models are available that 
can accurately predict the onset of flooding with reasonable accuracy for different 
geometries and fluid types [64].  In general, the vapor velocity corresponding to the onset 
of flooding increases with increasing tube diameter [62,65], decreasing liquid viscosity 
[55] and increasing surface tension [61,66].  Attempts have been made to ascertain the 
effects of tube inclination for tubes with small diameters [67] and larger ones [68,69].  It 
is recommended that the use of empirical correlations for flooding be limited to the 
ranges of flow rates, fluid properties, and tube geometries of the databases these 
correlations are based upon [59].   
A few theoretical models have been based on the notion that flooding is related to 
the interaction of vapor flow with a wavy liquid film interface.  Several attempts were 
made to model the flooding mechanism theoretically by exploring wave growth using 
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stability analysis [70-74].  Other models are based on vapor shear as the primary means 
for momentum transfer [75-77].  A few studies involved the use of commercial 
computational fluid dynamics (CFD) codes [78] to estimate the forces acting on a 
standing wave just before flooding is initiated. 
The concurrent motion of the vapor and liquid film renders climbing film flow 
more easily predictable using popular models and correlations for annular flow 
condensation, especially where the effects of gravity are negligible compared to those of 
vapor shear. 
1.4  Horizontal Flow Condensation 
 Several well-defined flow regimes have been identified for condensation inside 
horizontal tubes which, in order of decreasing quality, include pure vapor, annular, slug, 
bubbly and pure liquid [79].  Both flow regime maps and regime transition relations have 
been recommended to determine dominant flow regimes [80-85].  The annular regime 
has attracted the most attention because of its prevalence over a large fraction of the tube 
length and ability to deliver high heat transfer coefficients.  The annular regime consists 
of a thin film that sheathes the inner walls of the condensation tube, shear driven by a 
faster moving central vapor core. 
While vapor shear is the main driving force in annular condensation, gravity can 
also play an important role for condensation inside horizontal tubes, which is manifest in 
stratification of liquid toward the bottom of the inner surface.  This results in a relatively 
thick liquid film towards the bottom, compared to a very thin film or no film at the top.  
Conditions that yield pronounced stratification effects are generally associated with a 
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strong influence of gravity on the magnitude and spatial variations of the condensation 
heat transfer coefficient.  
Numerous condensation heat transfer correlations and models have been 
published in the past.  Most of these predictive tools are valid for specific fluids and 
relatively narrow ranges of operating conditions.  Predictive tools for annular 
condensation heat transfer can be grouped into (a) semi-empirical correlations [23, 25, 
86, 87], which are limited to specific fluids and operating conditions, (b) universal 
correlations [31, 32], which are based on consolidated databases for a large number of 
fluids and broad ranges of operating conditions, and (c) analytical control-volume-based 
models [88].  There is a far smaller number of empirical correlations for annular 
condensation involving pronounced gravity effects in horizontal tubes [20, 21, 89].   
As indicated above, there are several types of flow regime maps that employ 
different coordinates to segregate flow regimes, such as mass velocity versus quality [23, 
82, 83], and superficial velocity of vapor, jg, versus that of liquid, jf [21,80].  Large 
disagreements in the predictions of early regime maps has spurred the development of 
maps that rely on dimensionless groups; these maps are deemed more effective at 
capturing the dominant forces associated with different flow regimes [90, 91].  
Nonetheless, a key drawback to dimensionless flow regime maps is the difficulty 
representing the many dimensionless groups governing multiple flow regimes using a 
single two-dimensional plot. 
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1.5  Orientation Effects on Flow Condensation 
In two-phase condensation, the heat transfer characteristics change significantly 
depending on the dominant flow regime.  Identifying different flow regimes is crucial as 
these regimes influence condensation pressures drop and heat transfer coefficient.  
Numerous investigations on flow patterns for condensation can be found in the literature, 
with the vast majority of studies focused on identifying flow regimes for condensation 
inside horizontal tubes [80-85, 92, 93].  However, it has been shown that the tube 
inclination angle, which varies the direction of gravitational force relative to the flow, has 
a strong influence on flow regimes [94].  Flow regime influences the vapor and liquid 
distributions inside a tube, thus strongly influences the condensation heat transfer 
coefficient.  
There are a few different approaches to investigate the effects of gravity on flow 
condensation.  First, experimental data can be obtained in microgravity conditions using a 
drop tower or drop shaft for a relatively short time period of 2.2 to 10 s depending on the 
drop height [95].  Another way to perform experiments in microgravity is to utilize 
parabolic flight aircraft, which provide microgravity durations of 15-30 s [95].  A simpler 
and more cost effective approach to investigate the effects of gravity on flow 
condensation is to perform experiments under Earth gravity by varying the flow 
orientation.  
 As indicated by Lips and Meyer [94], there are only a few studies in the open 
literature on flow condensation with varying channel orientation.  The effect of channel 
inclination on the condensation heat transfer coefficient was discussed by Chato [96].  He 
showed that the condensation heat transfer coefficient increases with increasing 
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inclination angle during downward flow condensation in slightly inclined tubes due to 
decreased liquid depth.  Using air-water two-phase flow, a few other studies proposed a 
flow pattern map for the entire range of channel orientation angles [97], investigated 
pressure drop in inclined tubes [98], and developed correlations to predict void fraction 
for different inclination angles [99].  However, application of these adiabatic two-phase 
flow results to flow condensation  remains quite ilusive.  
There are only a few experimental studies concerning condensation in inclined 
tubes.  Wang and Du [100] performed a theoretical and experimental investigation of 
laminar condensation of steam in inclined tubes.  They reported that the condensation 
heat transfer coefficient can be increased or decreased when the inclination angle is 
changed, depending on the tube diameter, vapor quality, and mass velocity.  Their results 
were explained by the influence of gravity on liquid film thickness.  An analytical model 
was developed to predict the liquid-vapor interfacial shape for stratified flow and the heat 
transfer coefficient.  Akhavan-Behabadi et al. [101] conducted an experimental study of 
the effect of the inclination angle on flow condensation of R134a inside a microfin tube. 
They showed that the heat transfer coefficient for downward condensation is higher than 
for upward.  They also developed a heat transfer correlation based on their experimental 
data.  Nitheanandan and Soliman [102] performed an experimental study to investigate 
the effects of tube inclination angle on flow regime boundaries for steam condensation.  
The influence of inclination angle was found virtually insignificant for annular flow 
regime boundaries, while even a small inclination angle strongly influenced wavy and 
slug flow regime boundaries.  Later, they proposed a mechanistic model for transition 
between stratified and non-stratified flows based on their experimental results [103].  
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More recently, Lips and Meyer [104] performed an experimental study for condensation 
of R134a for the entire range of channel inclination angles from vertical downflow to 
vertical upflow.  They found that the condensation heat transfer coefficient is flow pattern 
dependent and dominated by the combined influences of gravitational force, interfacial 
shear stress, and surface capillary force.  Flow images captured using a high-speed 
camera showed that the flow becomes annular and unaffected by inclination angle at 
higher mass velocities with high vapor quality, while inclination angle had a strong 
influence on flow pattern at low mass velocities with low vapor quality.  They also 
showed that inclination angle has no effect on heat transfer coefficient at high mass 
velocities where interfacial shear is dominant.  
Extending their model for condensation in mini-channels, Wang and Rose [105] 
investigated the effect of channel inclination on condensation of R134a inside square 
mini-channels analytically.  Based on the Nusselt approximations of laminar flow, 
surface tension and surface curvature were considered in treating the condensation film, 
while inertia and convection terms were neglected.  The model provided provisionary 
results for liquid film thickness, mean heat flux, and mean condensation heat transfer 
coefficient around the channel perimeter for a range of channel inclination angles from 
vertical downflow to vertical upflow.  A theoretical and numerical investigation of 
stratified condensation of R141b, R11, and R134a by Saffari and Naziri [106] showed 
that channel inclination angle strongly influences the condensation heat transfer 
coefficient, and the optimum inclination angle is upward flow at 30-50° from horizontal.  
Da Riva and Del Col [107] numerically simulated flow condensation of R134a inside a 
circular mini-channel.  Simulations were performed for horizontal flow and vertical 
11 
 
downflow under Earth gravity, and for vertical downflow in zero gravity.  The simulation 
results showed that the condensation process is gravity dominant at low mass velocities, 
and the heat transfer coefficients for horizontal flow are higher than for vertical 
downflow.  At high mass velocities, simulation results based on the assumption of 
turbulent liquid film flow showed that the flow is dominated by interfacial shear.    
1.6  Objectives of Study 
The present study will address condensation mechanisms for vertical downflow, 
vertical upflow, and horizontal flow using FC-72 as working fluid.  A condensation 
facility is developed to achieve mostly annular flow in a vertical circular tube by rejecting 
heat to a counterflow of cooling water.  Two separate condensation modules are 
employed, one for flow visualization and the second for heat transfer measurements.  
Using the flow visualization module, high-speed video imaging and photomicrographic 
techniques are used to track the axial development of interfacial waves.  The second 
condensation module is used to measure the axial variation of the condensation heat 
transfer coefficient for different flow rates of both the FC-72 and the cooling water.  A 
control-volume-based model of the annular flow is developed, which accounts for the 
dampening effects of surface tension on turbulence in the annular liquid film.  The model 
predictions of the average condensation heat transfer coefficient are compared to the 
measured values. 
A primary focus of the vertical upflow portion of the study is to explore the 
various flow regimes that are encountered for condensation of FC-72 in tubes.  High-
speed video imaging is used to investigate the interfacial interactions within each regime, 
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and to construct a corresponding flow regime map.  Next, detailed heat transfer 
measurements are used to explore differences in the transport behavior among the 
different condensation regimes, subject to variations in the mass velocities of the FC-72 
and cooling water.  The annular flow model is modified to account for the opposite 
orientation of gravity for this orientation compared to vertical downflow to predict heat 
transfer in the climbing film regime.  Long term, the findings from this study will be used 
to ascertain the influence of body force on flow condensation in tubes by comparing data 
for condensation in horizontal flow, upflow and downflow [88] with those in 
microgravity [95].  This comparison will help identify the minimum mass velocity (i.e., 
minimum pumping power) that would negate the influence of body force on flow 
condensation in space vehicles. 
The primary objectives of the horizontal flow portion of the study are to (1) 
identify dominant condensation flow regimes encountered inside horizontal tubes, (2) 
construct regime maps, (3) explore the axial and circumferential variations of the 
condensation heat transfer coefficient, (4) assess the predictive capabilities of prior heat 
transfer correlations, and (5) assess the effectiveness of a control-volume-based model in 
predicting the condensation heat transfer coefficient. 
From the literature review, the influence of gravity on flow condensation remains 
quite ilusive, especially in terms of determining when this influence can be neglected.  In 
the present study of orientation effects on flow condensation, experimental results are 
presented for condensation inside a circular tube.  The influence of gravity is examined 
by conducing identical tests at three different flow orientations: horizontal flow, vertical 
downflow, and vertical upflow.  High-speed video imaging is used to examine the flow 
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characteristics and interfacial behavior for different orientations.  Detailed heat transfer 
measurements are used to explore differences in condensation heat transfer among the 
three orientations for different combinations of mass velocities of FC-72 and cooling 
water.  A control-volume-based annular flow model is then used to identify the dominant 
forces influencing the liquid film flow for different operating conditions.   
Long term, these findings are intended for design of thermal control systems for 
future space vehicles.  As follow-up to [108], findings from the present study will be used 
in the future to ascertain the influence of body force by comparing data for condensation 
in upflow [109], downflow [88] and horizontal flow [110] with those in microgravity 
[95].  This comparison will help identify the minimum mass velocity (i.e., minimum 






CHAPTER 2. EXPERIMENTAL METHODS 
2.1  Condensation Flow Loop 
The condensing fluid selected for this study is FC-72, a 3M-company 
perfluorinated fluid that is clear, colorless and odorless.  It is also inert, non-toxic, non-
flammable and highly dielectric.  It has a moderate boiling point of 56°C at atmospheric 
pressure, and a latent heat and surface tension one order of magnitude smaller than those 
for water.  Table 2.1 provides representative thermophysical properties of FC-72 at 60°C, 
which is the saturation temperature corresponding the average operating pressure for the 
present study.  
Table 2.1. Thermophysical properties of saturated FC-72 at 60°C (P = 1.135 bar). 
 
Figure 2.1(a) shows a schematic of the condensation facility constructed for the 
present study.  The facility consists of a primary loop for the condensing fluid, FC-72, 
and two secondary water cooling loops.  Heat is transferred from the primary loop to the 
first water loop via the condensation module, which constitutes the primary test section 
for the facility.  Heat is also transferred from the primary loop to the second water 
cooling loop via a separate condenser.  Figure 2.2 shows a photo of the entire facility.   
kf µf cp,f σ hf hfg ρf ρg 
[W/m.K] [kg/m.s] [J/kg.K] [mN/m] [kJ/kg] [kJ/kg] [kg/m3] [kg/m3] 
0.0534 418 × 10-6 1,107 8.02 99.67 93.69 1,583 14.90 
15 
 
In the primary loop, FC-72 liquid contained in sealed reservoir is circulated 
through the primary loop with the aid of a gear pump.  The liquid is first passed through 
one of several rotameters connected in parallel for flow rate measurement.  The liquid is 
then passed through a 14.2 kW Watlow Cast-X 3000 pre-heater, where it is converted to 
vapor.  The pre-heater is fitted with a PID temperature controller to ensure that the FC-72 
exits the pre-heater in slightly superheated state.  The FC-72 temperature is measured at 
the inlet to the pre-heater, and both the FC-72 temperature and pressure are measured at 
the inlet to the condensation module.  These measurements, along with the measured 
electrical heat input to the pre-heater, are used to determine the FC-72 vapor mass quality 
at the inlet to the condensation module.  The superheated FC-72 vapor then enters the 
condensation module where is gradually converted to liquid by rejecting heat to a 
counter-flow of water from the first secondary water loop.  The FC-72 temperature and 
pressure are measured once more at the exit of the condensation module.  Exiting the 
condensation module, the FC-72 passes through a plate-type condenser, where it is 
cooled by the second water cooling loop, followed by an air-cooled condenser to bring 
any vapor exiting the test module to sub-cooled liquid state before returning to the 
reservoir.   
The first water cooling loop consists of a 14-kW modular Lytron LCS cooling 
system and water rotameters.  The Lytron system consists of a water reservoir, water 
pump and a liquid-to-liquid heat exchanger; the heat exchanger is used to reject the heat 
absorbed by the water from the FC-72 to enable precise temperature control of the water 
as it enters the condensation module.  The water temperature and pressure are measured 
both at the inlet and exit of the condensation module. 
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Condensation of the FC-72 in the second water cooling loop is achieved via a 
plate-type condenser, by rejecting heat to water that is circulated by a 1.46-kW modular 
Lytron MCS cooling system.  This second Lytron system consists of a water reservoir, 
pump and water-to-air heat exchanger; the latter is used to reject the heat to ambient air.  
Two separate systems are used to rid the FC-72 from any dissolved non-
condensable gases prior to performing any tests.  The first is a vacuum pump that is used 
initially to remove any non-condensables by creating vacuum inside the system.  The 
second is an air-cooled condenser.  To assist the deaeration process, the reservoir of the 
primary loop is fitted with two 300-W immersion heaters to produce vigorous boiling in 
the FC-72 liquid.  A mixture of vapor and non-condensable gases is passed through the 
deaeration condenser, where most of the vapor is recaptured by condensation as the non-
condensable gases are purged to the ambient.  
 For the experiments involving vertical upflow condensation, horizontal flow 
condensation, and orientation effects on flow condensation, the condensation flow loop 
remains the same except for the orientation of the condensation modules and the 
deaeration system.  Figure 2.1(b) shows the different orientations of the condensation 
modules.  Deaeration of the FC-72 for the upflow condensation experiments is achieved 
in the primary loop’s reservoir using two 300-W immersion heaters and a condensation 
coil that is cooled by a bypass from the second water cooling loop as shown in Fig. 2.1(b).  
The deaeration is achieved by vigorously boiling the FC-72 liquid and condensing the 




2.2  Condensation Module for Flow Visualization 
Two separate condensation modules were constructed for this study, one for flow 
visualization purposes and the other for heat transfer measurements.  The two 
condensation modules have similar geometries, but are constructed from different 
materials to suit their specific purposes.  Figure 2.3 illustrates the construction of the 
condensation module intended for flow visualization for vertical downflow.  The module 
features a transparent tube-in-tube construction with the FC-72 flowing downwards 
through the inner tube, and the water flowing in counterflow (upwards) through the 
annulus between the inner and outer tubes.  To enable viewing of the interfacial behavior 
of the condensing FC-72 film, the inner 1,219-mm-long tube is made from borosilicate 
glass with a 10.16-mm i.d. and a wall thickness of 1.8 mm.  The outer tube is made from 
polycarbonate plastic (Lexan), which, like the inner tube, features high transparency but 
possesses a much lower thermal conductivity.  The outer tube has an i.d. of 19.05 mm 
and an o.d. of 25.4 mm.  The inner tube is secured at both ends inside the outer tube with 
the aid of short latex rubber sleeves, leaving a condensation length of 1,143 mm for flow 
visualization.  The condensation module is instrumented to measure the temperatures and 
pressures of the FC-72 and the cooling water at the inlet and the exit of the condensation 
module.  Type-T thermocouples and pressure transducers are used to measure 
temperature and pressure, respectively, of the FC-72 both at the inlet and outlet.  For the 
waterside, type-T thermocouples and liquid-filled pressure gauges are used to measure 






Figure 2.1 Schematic diagrams of test loop for (a) vertical downflow condensation and 
(b) vertical upflow condensation, horizontal flow condensation, and orientation effects on 
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2.3  Flow Visualization Methods 
Flow visualization is achieved with the aid of high-speed video imaging and 
photomicrographic techniques.  A Photron Fastcam Ultima APX video camera system, 
capable of shutter speeds up to 1/120,000 s, is used in conjunction with an assortment of 
Infinity K2/SC long-distance microscope lenses.  This system provides the necessary 
combination of fast shutter speed and high magnification required to capture the 
interfacial behavior of the condensing FC-72 liquid film with high resolution. 
 








Inner Borosilicate Glass Tube
1,219 mm Long x 10.16 mm i.d. x 1.8 mm thick
Outer Polycarbonate Plastic Tube






The camera is placed normal to the front of the condensation module.  The high 
shutter speed requires intense back lighting, which is provided by an incandescent bulb.  
Even lighting of the photographed region is achieved with the aid of a diffuse film that is 
situated between the light source and the condensation module.  Flow visualization is 
performed at three different locations centered at 190, 571, and 952 mm from the inlet of 
the inner tube corresponding to the inlet, middle, and outlet regions, respectively.  Each 
captured region is approximately 381-mm long.  
For the vertical upflow and horizontal flow condensation experiments, the 
microscope lenses are replaced with a Nikon 105-mm F/2.8D magnification lens, and an 
array of 15 high power white 5-W LEDs is used instead of the incandescent bulb to 
provide better back lighting. 
2.4  Condensation Module for Heat Transfer Measurements 
As indicated earlier, the overall design of the condensation module intended for 
heat transfer measurements is very similar to that for flow visualization.  However, 
different materials are used for the second condensation module to facilitate accurate heat 
transfer measurements. 
Illustrated in Fig. 2.4(a), the condensation module for heat transfer measurements 
uses inner and outer tubes made from 304 stainless steel.  The inner tube has an i.d. of 
11.89 mm and a wall thickness of 0.41 mm, while the outer tube has an i.d. of 22.48 mm 
with a 3.05-mm wall thickness.  The total condensation length of this module is 1,259.84 
mm.  A key goal with this construction is to achieve a compromise between minimizing 
the resistance to radial heat conduction between the condensing film and the water, and 
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minimizing axial wall conduction effects along the direction of fluid flow.  This 
compromise is achieved by the combination of small thickness of the inner tube and 
relatively low thermal conductivity of the stainless steel wall.  
Aside from utilizing the same temperature and pressure instrumentation at the FC-
72 and water inlets and outlets as the flow visualization module, the second module 
contains 45 additional type-T thermocouples.  As illustrated in Fig. 2.4(b), 28 of these 
thermocouples are attached to the outer surface of the inner tube to measure the local 
surface temperatures in 14 diametrically opposite pairs.  Use of thermocouple pairs is 
intended to detect any asymmetry in the wall temperature.  Figure 2.5 shows the inner 
tube’s outer wall temperatures measured on opposite sides for three sets of operating 
conditions.  The maximum difference between diametrically opposite thermocouples is 
0.94°C, proving the condensation module design ensured symmetry in the film flow.     
There are also 14 thermocouples exposed to the water flow in the annulus at the 
same axial locations as the wall thermocouples, in addition to 3 thermocouples for the 
water flow measurement diametrically opposite to 3 of the 14 main water thermocouples, 
again to assess any asymmetry in water temperatures.  All thermocouples are made from 
0.21-mm thermocouple diameter wire with a bead diameter of 0.79 mm.  The 
thermocouples are fitted along 1.57-mm diameter stainless steel tubes.  
To capture the sharp axial variations of wall temperature near the inlet with 
greater resolution, the axial distance between thermocouples is smallest in the FC-72 inlet 
region, 38.1 mm, and increases down the length of the condensation module to 76.2 mm  
and 139.7 mm in the middle and exit regions, respectively.  To minimize heat loss to the 




Figure 2.4 (a) Construction of condensation module for heat transfer measurements. (b) 
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Figure 2.5 Variations of measured left and right outer wall temperatures of inner tube 
with axial distance. 
2.5  Operating Conditions and Measurement Uncertainty 
Two series of experiments are performed using the two afore-mentioned 
condensation modules for the condensation of vertical downflow, vertical upflow, and 
horizontal flow and the study of orientation effects on flow condensation.  The first is 
intended to capture the interfacial behavior of the condensing film at three axial locations 
about 381-mm long inlet, middle and outlet regions, which are centered at axial locations 
of 190, 571 and 952 mm, respectively.  The second series of tests is dedicated to heat 
transfer measurements that span the entire length of the condensation module.  For both 
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FC-72 at the inlet slightly above unity to maintain annular flow over the entire length of 
each condensation module. 
The flow visualization series of tests for vertical downflow condensation consists 
of a matrix of 40 operating conditions that are summarized in Table 2.2.  These tests 
cover 5 different mass flow rates of FC-72 ( FCm  = 1.56, 3.12, 3.62, 7.30, and 11.07 g/s) 
and 8 water flow rates ( wm = 1.74, 2.03, 5.72, 8.58, 11.44, 14.31, 17.17, and 20.03 g/s).  
The inlet quality, temperature and pressure of FC-72 range from xe,in = 1.00 – 1.03, TFC,in 
= 55.56 – 66.93°C and PFC,in = 133.89 – 171.93 kPa, respectively.  Aside from the inlet 
temperature and pressure of FC-72, the amount of heat transferred from the condensing 
FC-72 vapor to the cooling water is dictated by the water flow rate; the heat transfer rate 
for the flow visualization tests varies from 154.38 to 536.38 W.  This corresponds to 
variations of FC-72 thermodynamic equilibrium quality and FC-72 film Reynolds 
number at the outlet of xe,out = 0 – 0.8 and Ref,out = 355.54 - 1,741.82, respectively.  
Table 2.2.  Experimental operating conditions for the flow visualization study for vertical 
downflow condensation. 
 
The flow visualization experiments for vertical upflow condensation consist of 65 
sets of operating conditions.  As indicated in Table 2.3, these include nine different FC-
72 mass velocities in the range of GFC = 13.32 -159.49 kg/m2s and a broad range of water 
mass velocities of Gw = 6.09 – 977.79 kg/m2s.  Table 2.3 provides the values of FC-72 
  
FC-72 Cooling Water 
qw xe,out Ref,out xe,in ˙ m FC   GFC-72 TFC,in PFC,in ˙ m w   Gw  ΔTw  
 [g/s] [kg/m2s] [°C] [kPa] [g/s] [kg/m2s] [°C] [W]   
Max 1.03 11.07  136.54 66.93 171.93 20.03  98.21 30.06 536.4 0.80 1,741.82 
Min 1.00 1.56  19.24 55.56 133.89 1.74  8.53 2.87 154.4 0 355.54 
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inlet quality, xe,in, inlet temperature, TFC,in, and inlet pressure, PFC,in.  Also indicated are 
the amount of heat transferred from FC-72 to cooling water, qw, and the outlet 
thermodynamic equilibrium quality of FC-72, xe,out, and outlet FC-72 film Reynolds 
numbers, Ref,out. 
Table 2.3. Experimental operating conditions for the flow visualization study for vertical 
upflow condensation. 
The flow visualization experiments for horizontal flow condensation consist of 
110 sets of operating conditions.  As indicated in Table 2.4, they include 22 FC-72 mass 
velocities in the range of GFC = 26.65 – 343.79 kg/m2s and a broad range of water mass 
velocities of Gw = 12.22 – 476.64 kg/m2s.  Also included in Table 2.4 are values of FC-72 
inlet quality, xe,in, inlet temperature, TFC,in, inlet pressure, PFC,in, outlet quality, xe,out, and 
outlet film Reynolds number, Ref,out, as well as the amount of heat transferred from FC-72 
to the cooling water, qw.  Of the 110 tests, 104 resulted in saturated two-phase mixture 
conditions at the exit, while 6 tests (GFC = 26.65 kg/m2s with Gw = 18.33, 24.44, 30.55, 
and 36.66 kg/m2s and GFC = 39.94 kg/m2s with Gw = 45.83 and 54.99 kg/m2s) produced 
subcooled liquid exit conditions.  Table 2.4 excludes the values of xe,out and Ref,out for 
those 6 tests.  For the study of orientation effects on flow condensation, flow 
visualization results from aforementioned experiments for three different flow 
orientations are compared, as indicated in Table 2.5. 
 
  


















Max. 1.14 12.93 159.49 72.93 114.01 133.29 977.79 23.29 702.48 0.70 1751.9 
Min. 1.00 1.08 13.32 57.41 102.00 0.83 6.09 1.14 80.85 0.00 239.5 
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Table 2.4. Experimental operating conditions for the flow visualization study for 



























Max. 1.12 27.89 343.79 73.38 147.37 64.97 476.64 26.14 836.35 0.80 2508.22 
Min. 1.03 2.16 26.65 64.79 105.50 1.67 12.22 3.01 182.12 0.05 534.52 
  
Horizontal Flow Vertical Downflow Vertical Upflow 




xe,in 1.12 1.03 1.03 1.00 1.14 1.00 
˙ m FC   [g/s] 27.89 2.16 11.07 1.56 12.93 1.08 
GFC [kg/m
2s] 343.79 26.65 136.54 19.24 159.49 13.32 
TFC,in [ºC] 73.38 64.79 66.93 55.56 72.93 57.41 








 ˙ m w  [g/s] 64.97 1.67 20.03 1.74 133.29 0.83 
Gw [kg/m
2s] 476.64 12.22 98.21 8.53 977.79 6.09 
ΔTw [ºC] 26.14 3.01 30.06 2.87 23.29 1.14 
qw [W] 836.35 182.12 536.40 154.40 702.48 80.85 
xe,out 0.80 0.05 0.80 0.00 0.70 0.00 
Ref,out 2508.22 534.52 1741.82 355.54 1751.90 239.50 
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The test matrix for the heat transfer measurements for vertical downflow 
condensation consists of 56 operating conditions that are summarized in Table 2.6.  
These tests cover 7 mass flow rates of FC-72 ( FCm  = 20.48, 25.58, 30.63, 35.63, 40.74, 
45.76, and 50.85 g/s) and 8 water flow rates; the water flow rate ranges from 49.1 to 
163.1% of each FC-72 flow rate.  Only heat transfer data measured over the upstream 
condensation length of z = 0 – 807.7 mm are used in the present study to avoid any 
uncertainty in determining the FC-72 heat transfer coefficient due to cooling water 
entrance effects.  The inlet quality of FC-72 is maintained in the range of xe,in = 1.04 – 
1.08 for all cases, which corresponds to a single-phase superheated vapor inlet region 
21.0 – 59.8-mm long (2.6 – 7.4% of the 807.7 mm length considered in the heat transfer 
measurements).  For the two-phase condensation region (xe ≤ 1), the ranges of outlet 
quality of FC-72 and rate of heat transfer from FC-72 to the cooling water are xe,out = 
0.45-0.74 and qw = 636.25 – 2,721.27 W, respectively.  
Table 2.6. Experimental operating conditions for the condensation heat transfer 




The test matrix for the heat transfer measurements for vertical upflow 
condensation consists of 69 sets of operating conditions.  As indicated in Table 2.7, these 
tests include 14 FC-72 mass velocities in the range of GFC = 9.73 - 387.04 kg/m2s and 5 
water mass velocities for each FC-72 mass velocity.  To preclude uncertainties that may 
  
FC-72 Cooling Water 
qw xe,out Ref,out xe,in ˙ m FC   GFC TFC,in PFC,in ˙ m w   Gw  ΔTw 
 [g/s] [kg/m2s] [°C] [kPa] [g/s] [kg/m2s] [°C] [W]   
Max. 1.08 50.85  457.97 86.58 209.88 83.27  291.29 15.78 2,721.3 0.74 6,400.56 
Min. 1.04 20.48  184.45 63.43 108.57 9.99  34.95 7.48 636.2 0.45 1,315.54 
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arise from cooling water entrance effects, heat transfer data are measured only within the 
upstream condensation length of z = 0 – 807.7 mm.  The inlet quality of FC-72 is 
maintained in the range of xe,in = 1.01 – 1.16, which results in an upstream single-phase 
superheated vapor region 1.62 – 193.8-mm long (0.2 – 24.0% of the 807.7 mm length 
considered in the heat transfer measurements).  The inlet temperature and pressure of FC-
72 are TFC,in = 54.95 – 74.86°C and PFC, in = 93.83 – 152.62 kPa, respectively, and the 
amount of heat transferred between the two fluids 43.7 to 2240.4 W.  These operating 
conditions result in FC-72 outlet thermodynamic equilibrium qualities and outlet film 
Reynolds numbers of xe,out = 0 – 0.70 and Ref,out = 101.3 – 4548.3, respectively.  
Table 2.7. Experimental operating conditions for the condensation heat transfer 
data for vertical upflow condensation. 
 
 
The heat transfer experiments for horizontal flow consist of 45 sets of operating 
conditions.  As indicated in Table 2.8, these tests include 15 FC-72 mass velocities in the 
range of GFC = 38.96 – 576.83 kg/m2s with Gw = 246.66, 277.48 and 308.32 kg/m2s for 
each FC-72 mass velocity.  To preclude uncertainties from cooling water entrance effects, 
heat transfer data are measured only within the FC-72 upstream condensation length of z 
= 0 – 807.7 mm.  Inlet FC-72 quality values in the range of xe,in = 1.025 – 1.074 produce 
upstream single-phase superheated vapor regions 8.08 – 74.31-mm long (1.0 – 9.2% of 
the 807.7 mm length considered in the heat transfer measurements).  Of the 45 tests, 39 
resulted in two-phase mixture conditions at the exit with xe,out = 0.01 – 0.55 and Ref,out = 
  



















Max. 1.16 42.99 387.04 74.86 152.62 84.97 314.48 20.56 2240.4 0.70 4548.3 
Min. 1.01 1.08 9.73 54.95 93.83 0.83 3.08 6.01 43.7 0.00 101.3 
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876.61 – 7926.79, respectively.  The remaining 6 tests (GFC = 38.97 kg/m2s with Gw = 
246.66, 277.48 and 308.32 kg/m2s, and GFC = 77.91 kg/m2s with Gw = 246.66, 277.48 
and 308.32 kg/m2s) resulted in subcooled liquid conditions at the exit with two-phase 
condensation lengths in the range of 274.62 to 557.33 mm (34 – 69% of the 807.7-mm 
measurement length).  Table 2.8 excludes the values of xe,out and Ref,out for these 6 tests.  
Table 2.8. Experimental operating conditions for the condensation heat transfer 




For the study of orientation effects on flow condensation, the test matrices for the 
heat transfer measurements for all three flow orientations are identical, with each test 
matrix consisting of 39 sets of operating conditions.  Indicated in Table 2.9, these tests 
for each orientation include 13 FC-72 mass velocities in the range of GFC = 116.80 – 
576.83 kg/m2s and three water mass velocities of Gw = 246.66, 277.48, and 308.32 
kg/m2s for each FC-72 mass velocity.  To exclude potential uncertainties due to cooling 
water entrance effects, heat transfer data are captured only within the upstream 
condensation length of z = 0 – 807.7 mm.  The inlet quality of FC-72 is maintained 
slightly superheated, in the range of xe,in = 1.03 - 1.07, xe,in = 1.04 - 1.09, and xe,in = 1.03 - 
1.07 for horizontal flow, vertical downflow, and vertical upflow, respectively.  These 
superheated inlet conditions result in upstream single-phase superheated vapor regions of 
  





˙ m FC  GFC TFC,in ΔTFC,sat,TP PFC,in  ˙ m w  Gw ΔTw [W] 
[g/s] [kg/m2s] [ºC] [ºC] [kPa] [g/s] [kg/m2s] [ºC] 
Max. 1.07 64.02 576.83 83.7 3.16 200.61 83.31 308.32 10.07 3145.7 0.55 7926.79 
Min. 1.02 4.32 38.96 61.43 0.05 103.44 66.64 246.66 1.97 686.42 0.01 876.61 
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19.39 – 77.54 mm (2.40 - 9.60% of the 807.7 mm length considered in the heat transfer 
measurements), 22.62 – 75.93 mm (2.80 – 9.40% of the 807.7 mm length considered in 
the heat transfer measurements), and 16.15 – 66.23 mm (2.0 – 8.2% of the 807.7 mm 
length considered in the heat transfer measurements) for horizontal flow, vertical 
downflow, and vertical upflow, respectively.  The inlet temperature and pressure of FC-
72 for the orientations are TFC,in = 63.06 – 84.46 °C and PFC, in = 99.73 – 205.00 kPa, 
respectively.  The amount of heat transferred between FC-72 and water varies from 
916.47 to 3071.25 W.  Two-phase conditions are maintained at the end of the heat 
transfer measurement length for all tests, with FC-72 outlet thermodynamic equilibrium 
qualities of xe,out = 0.01 – 0.53, xe,out = 0.01 – 0.52 , and xe,out = 0.24 – 0.52 for horizontal 
flow, vertical downflow, and vertical upflow, respectively.  The corresponding outlet film 
Reynolds numbers of FC-72 are Ref,out = 2624.79 – 7424.95, Ref,out = 2617.58 – 7600.17, 
and Ref,out = 1913.39 – 7792.72 for horizontal flow, vertical downflow, and vertical 
upflow, respectively.   
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Table 2.9. Experimental operating conditions for the condensation heat transfer data for 
the study of orientation effects. 
 
 
For both condensation modules, FC-72 pressures and temperatures are measured 
by absolute pressure transducers and type-T thermocouples, respectively, both at the inlet 
and outlet.  The measurements are made after all system pressures and temperatures reach 
steady state.  The data are processed by an HP-3852A data acquisition system. 
Measurement uncertainties are ±0.5% for the pressure transducers and ±3.0% for 
the flow meters for both FC-72 and cooling water.  All thermocouples used in the present 
study have uncertainties less than ±0.4°C.  Geometric uncertainties of the condensing 
  
Horizontal Flow Vertical Downflow Vertical Upflow 




xe,in 1.07 1.03 1.09 1.04 1.07 1.03 
˙ m FC  [g/s] 64.02 12.96 63.95 12.97 63.97 12.96 
GFC [kg/m2s] 576.83 116.80 576.28 116.90 576.40 116.90 
TFC,in [ºC] 83.70 63.53 84.03 62.39 84.46 63.06 








 ˙ m w  [g/s] 83.31 66.64 83.31 66.64 83.31 66.64 
Gw [kg/m2s] 308.32 246.65 308.33 246.64 308.32 246.65 
ΔTw [ºC] 10.46 3.66 10.6 3.88 10.58 2.69 
qw [W] 3009.29 1241.69 3071.25 1349.10 3067.06 916.47 
xe,out 0.53 0.01 0.52 0.01 0.52 0.24 
Ref,out 7424.95 2624.79 7600.17 2617.58 7792.72 1913.39 
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tube used in the heat transfer measurements are ±0.08 mm and ±0.03 mm for outer 
diameter and wall thickness, respectively.  The uncertainties of the outer diameter and 
wall thickness of the outer tube of the same condensation module are ±0.13 mm and 
±0.18 mm, respectively.  Considering all these uncertainties along with the uncertainties 
associated with determination of thermophysical properties from the measured pressures 
and temperatures, the overall uncertainties for vertical downflow condensation in 
determining the rate of heat transfer from FC-72 to the cooling water, vapor quality, and 
condensation heat transfer coefficient are ±5.76%, ±6.20%, and ±6.23%, respectively.  
For vertical upflow condensation, overall uncertainties in determining heat transfer rate, 
vapor quality, and condensation heat transfer coefficient are ±7.11%, ±6.52%, and 
±7.60%, respectively. For horizontal flow condensation, overall uncertainties in 
determining heat transfer rate, vapor quality, and condensation heat transfer coefficient of 
10.01%, 11.23% and 11.41%, respectively. For the study of orientation effects on flow 
condensation, combining these uncertainties with those associated with determination of 
fluid properties results in overall uncertainties in determining heat transfer rate, vapor 
quality, and condensation heat transfer coefficient of 9.87%, 10.93%, and 11.23%, 





CHAPTER 3.  VERTICAL DOWNFLOW CONDENSATION 
3.1  Flow Visualization Results 
Before discussing the flow visualization results, it is important to point out a key 
limitation of the optical techniques used in conjunction with the flow visualization 
module.  Because the FC-72 film covers the entire inner wall of the inner tube, the 
captured video images represent those of two separate interfaces overlaid on one another.  
This hinders any detailed quantitative assessment of the interfacial structure of the film.  
Nonetheless, the vast differences captured in video provide important inferences 
concerning the influence of individual parameters on the film’s transport behavior. 
Figure 3.1 shows representative photos of the film interface obtained using the 
flow visualization module for five different flow rates of FC-72 and a constant water flow 
rate of 5.72 g/s (Gw = 28.05 kg/m2s).  Increasing FCm  produces higher interfacial shear as 
well as more turbulence, which, in turn, influence interfacial instabilities of the 
condensing film.  This is evidenced by the photos corresponding to the three lower values 
of mFC  appearing relatively smooth and laminar, marred only by a few surface ripples.  
On the other hand, those for the two highest values of FCm  are far more turbulent with 
the interface incurring more chaotic interfacial waviness.  Both the film flow rate and 
corresponding film Reynolds number, Ref, increase along the flow direction as vapor is 
gradually being converted into liquid, and reach maximum values at the outlet.  The 
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influence of these axial increases is manifest in Fig. 3.1 in the form of increased 
turbulence and interfacial waviness towards the outlet, especially for the two highest 
values of FCm .  Overall, predominantly laminar flow is maintained for outlet Reynolds 
numbers up to Ref,out = 770.  
Figure 3.2 shows representative images for four different water flow rates and a 
constant FC-72 inlet flow rate of FC-72 of FCm  = 3.62 g/s (GFC = 44.65 kg/m
2s).  Figure 
3.2 shows the same overall trends in interfacial behavior relative to axial position as 
depicted in Fig. 3.1.  Here too, the film appears to turn more turbulent and the waves 
more chaotic as the film thickens axially along the tube.  Increasing the water flow rate 
increases the amount of heat extracted from the condensing FC-72 vapor, which hastens 
the condensation process and thickening of the condensation film.  This is manifest in the 























































































































































































































































































































































































































































































3.2  Heat Transfer Measurements 
 3.2.1  Heat Transfer Data Reduction 
A thermal model is constructed to determine the local condensation heat transfer 
coefficient.  Figure 3.3 shows all the relevant parameters for a control volume of axial 
length ∆z.  Ignoring axial conduction effects along the wall of the inner tube, a 
differential amount of heat, dq, is transferred from the FC-72 to the cooling water, which 
is also equal to the differential rise in sensible energy of the cooling water.  The film 
interface is maintained at Tsat (z), which is determined from the pressure measurements, 
given that the measure pressure drop was very small for all operating conditions.  The 
saturation pressure, Psat (z), used to determine Tsat (z) is determined from a linear curve fit 
between the measured inlet pressure, Pin, (which is assumed equal to local saturation 
pressure at the end of the short superheated region) and outlet pressure, Pout.  The water 
temperature, Tw (z), and outer wall temperature of the inner tube, Twall,o (z), are 
determined from curve fits to their respective measured values.   
The thermal model for the region where xe < 1 is represented by the relation 
 dq = π Di dz( ) h Tsat −Twall,i( ) =
Twall,i −Twall,o
ln Do /Di( )
2π kss dz
=mwcp,w dTw  , (1) 
which is used to determine the local condensation heat transfer coefficient, h (z), of FC-
72.   
For the small superheated inlet region before the liquid film begins to develop, the 




 mFC cp,g dTg =mw cp,w dTw . (2) 
The thermodynamic equilibrium quality for vapor in the superheated region is given by 
 xe =1+
cp,g Tg −Tsat( )
hfg
. (3) 
Equation (3) can is also used to determine the location where xe = 1.  To determine the 
heat transfer coefficient for the superheated region, Eq. (1) is modified by replacing Tsat 
with the local temperature of the superheated vapor. 
 dq = π Di dz( ) h Tg −Twall,i( ) =
Twall,i −Twall,o








=mwcp,w dTw  , (4) 
 For the saturated region (xe < 1), the local flow rate of the condensing film, 




  (5) 
from the location where xe = 1.  The local mass quality of vapor in the same region is 
given by  










































 3.2.2  Heat Transfer Results 
Figure 3.4(a) illustrates, for four different FC-72 flow rates and a constant water 
flow rate of wm  = 33.3 g/s (Gw = 116.49 kg/m
2s), how the axial variations of the outer 
wall temperature of the inner tube, Twall,o, and the cooling water temperature, Tw (z), are 
determined from the thermocouple measurements.  Both temperature distributions are 
determined from third-order-polynomial curve fits to axial distance.  These distributions 
are then used to calculate the corresponding variations of the amount of heat transferred 
from FC-72 to the cooling water per unit length, dq/dz, using Eqs. (1) and (4), and the 
FC-72 mass quality, x, using Eq. (6).  As shown in Fig. 3.4(b) for each of the four FC-72 
flow rates, dq/dz is highest in the upstream region where the condensate film is thinnest, 
and decreases gradually towards the middle of the condensation module because of the 
increase in film thickness.  An increase in dq/dz towards the outlet may be explained by 
increases in both turbulence and interfacial waviness as shown earlier in Figs. 3.1 and 
3.2.  Notice that dq/dz also increases with increasing FC-72 flow rate because of the 
higher condensation heat transfer coefficient resulting from the increased vapor shear. 
 Figures 3.5(a) - (c) show the variations of the experimentally determined local 
FC-72 heat transfer coefficient with axial distance in both the single-phase superheated 
vapor and film condensation regions for different water mass flow rates and FC-72 mass 
flow rates of 20.48, 30.63 and 45.76 g/s (GFC = 184.45, 275.86, and 412.13 kg/m2s), 
respectively.  The local heat transfer coefficient in the superheated vapor region near the 
inlet is relatively low for most cases.  The heat transfer coefficient increases rather 
sharply to its peak value where the annular liquid film is initiated and is very thin.  One 
unexpected trend is the increase in h upstream of the peak point since single-phase vapor 
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flow should yield a fairly constant h value.  This may be explained by the film 
condensation commencing partially within the predominantly single-phase vapor region 
where xe > 1 over a portion of the inner tube circumference.  The peak value is believed 
to occur where full coverage of the inner circumference by the liquid film is achieved.  
Figures 3.5(a) - (c) show the expected trend of decreasing h along the inner tube due to 
gradual thickening of the liquid film.  However, the data show h reaches a minimum 
before increasing again towards the outlet.  Since the liquid film continue to thicken in 
the downstream region, it is believed heat transfer in the downstream region is no longer 
dominated by conduction across the film.  As suggested by the photos of the film in Figs. 
3.1 and 3.2, two possible reasons for the downstream increase are (a) transition from 
laminar to turbulent flow, and (b) heat transfer enhancement due to the more intense 
downstream waviness.   Figures 3.5(a) - (c) show, for a fixed FCm , h generally decreases 
with increasing wm  towards the peak point but increases downstream.  This trend may be 
explained by the larger wm  increasing the cooling rate and, therefore, contributing to a 
thickening of the film, which, for the upstream region that is dominated by conduction, 
tends to decrease h.  However, the increase in cooling rate precipitates both an earlier 
transition to turbulent flow and an increase in turbulence overall, which explains the 
downstream enhancement with increasing wm .  Comparing data between Figs. 3.5(a) - 
(c) shows increasing FCm  for a fixed wm  produces an increase in h, which can be 
explained by the larger FCm  values increasing vapor shear and therefore contributing to a 
thinning of the film.  Figures 3.6(a) - (c) show corresponding variations of h with vapor 
quality, x.  These plots, which exclude the region captured in Figs. 3.5(a) - (c) from the 
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inlet to the peak point, show an initial monotonic decline in h due to increasing film 
thickness in a predominantly laminar film, followed by an increase in h downstream 
because of the transition to turbulent flow and increased waviness. 
 Figure 3.7 shows the variation of the average condensation heat transfer 
coefficient, h , with water flow rate for different FC-72 mass flow rates.  The values 
presented here and in subsequent plots are averaged over the annular flow region 
downstream of the peak locations in Fig. 3.5, therefore excluding the upstream 
superheated vapor region.  Figure 3.7 shows an initial decrease in h  with increasing wm  
for the lower mass flow rates of FC-72 (mFC  = 20.48, 25.58, 30.63 and 35.63 g/s), 
brought about by a thickening of the upstream laminar liquid film due to a faster cooling 
rate.  But the trend is reversed once the film turns turbulent, where the benefits of 
increased turbulence and intensity of the interfacial waves outweigh the drawbacks of the 
increased film thickness.  Figure 3.7 also shows a monotonic increase in h  with 
increasing FCm  because of the increasing magnitude of vapor shear exerted on the film.   
 Figure 3.8 shows the variation of h  with exit film Reynolds number.  There is an 
initial decrease in h  with Ref,out for Ref,out < 1,800 corresponding to predominantly 
laminar, heat-conduction-dominated condensation.  Above Ref,out = 1,800, h  begins to 
increase monotonically because of the afore-mentioned dominance of turbulent flow, 
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Figure 3.5 Variation of experimentally determined local FC-72 condensation heat transfer 
coefficient with axial distance for different water flow rates and FC-72 mass flow rates of 
(a) 20.48 g/s (GFC = 184.45 kg/m2s), (b) 30.63 g/s (GFC = 275.86 kg/m2s), and (c) 45.76 
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Figure 3.6 Variation of experimentally determined local FC-72 condensation heat transfer 
coefficient with vapor quality for different water flow rates and FC-72 mass flow rates of 
(a) 20.48 g/s (GFC = 184.45 kg/m2s), (b) 30.63 g/s (GFC = 275.86 kg/m2s), and (c) 45.76 
g/s (GFC = 412.13 kg/m2s).  These plots exclude the region captured in Fig. 3.5 from the 
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Figure 3.7 Variation of experimentally determined average FC-72 condensation heat 
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Figure 3.8 Variation of experimentally determined average FC-72 condensation heat 

















CHAPTER 4.  VERTICAL UPFLOW CONDENSATION 
4.1  Flow Visualization Results 
 4.1.1  Condensation Regimes 
Figures 4.1(a) - (c) show sequential images of the FC-72 condensation film along 
the inner wall of the glass tube for three representative flow conditions: falling film, 
flooding, and climbing film.  The total duration of each sequence is 0.3 s, with individual 
images in each sequence separated by 0.0125 s.  The flow conditions are segregated by 
the popular Wallis relation [53] for flooding in tubes 
 jg* + j f* =C ,  (7) 
where C is a constant whose magnitude generally depends on the tube geometry and fluid 
properties, and jg* and jf* are dimensionless superficial velocities of vapor and liquid, 
respectively, which are defined as 
 jg* =
jg
g Di ρ f − ρg( ) ρg
 (8a) 
and j f* =
j f
g Di ρ f − ρg( ) ρ f
.  (8b) 
It should be noted that the temperatures of both the FC-72 and cooling water are assumed 
to vary linearly along the condensation length when computing the superficial velocities 
from the experimental data. 
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 Figure 4.1(a) shows images of the liquid film captured in the inlet region, 
centered at z = 190 mm, where the liquid film is moving downwards while the vapor 
moves upwards.  This falling film behavior occurs when the vapor velocity is low and the 
influence of gravity on liquid motion very significant.  The superficial velocities of liquid 
and vapor for the flow condition in Fig. 4.1(a) are jf = 0.0010 m/s and jg = 0.87 m/s, 
respectively.  Notice that the falling liquid film’s interface for a portion of the inlet region 
is momentarily laminar with an appearance of annular flow.  Because of the unstable 
interface, wave peaks from opposite sides of the tube quickly merge, capturing some 
vapor bubbles in the film, which also causes breakup of liquid into ligaments and droplets.  
Some of the shattered liquid is entrained upwards with the vapor flow, the rest appears to 
redeposit on the liquid film.  The chaotic combination of falling film, upward moving 
vapor core, entrained vapor bubbles, and shattered liquid momentarily produces a highly 
mixed two-phase mixture, which is quickly replaced by the initial laminar film, and the 
process is repeated in a cyclical fashion.  Notice that the motion of the annular liquid film 
is governed by the relative magnitude of the upward shear stress exerted by the vapor 
core and the downward gravity.  The behavior captured in Fig. 4.1(a) is representative of 
relatively weak vapor shear.  As the vapor velocity is increased, a condition is achieved 
where the shear force begins to balance the body force, which results in a fairly stagnant 
liquid at the film’s interface.  Flooding, which is predicted according to the Wallis 
relation [53], is a condition that refers to flow behavior associated with this force 
equilibrium since a further increase in the vapor velocity will cause the liquid film to 




Figure 4.1 Sequential images of (a) falling film in inlet region (centered at z = 190 mm) 
with GFC = 13.32 kg/m2s and Gw = 6.09 kg/m2s, (b) flooding in inlet region with GFC = 
53.29 kg/m2s and Gw = 73.36 kg/m2s, and (c) climbing film in outer region (centered at z 
= 952 mm) with GFC = 106.45 kg/m2s and Gw = 97.79 kg/m2s.  Individual images in each 











Figure 4.1(b) captures interfacial behavior in the inlet region, centered at z = 190 
mm, corresponding to the onset of flooding resulting from a vapor superficial velocity of 
jg = 3.64 m/s, much higher than that for Fig. 4.1(a), and a lower superficial liquid velocity 
of jf = 0.009 m/s.  Notice that the motion of the liquid film is barely noticeable at the 
onset flooding.  The interface of the liquid film is marred by a combination of small 
ripples and large waves, which appear to be induced by the high vapor shear. 
 As the superficial velocities of liquid and vapor are increased appreciably, the 
liquid film flow is firmly upwards.  This climbing film flow is depicted in Fig. 4.1(c) for 
the outer region, centered at z = 952 mm, corresponding to jg = 5.50 m/s and jf = 0.0198 
m/s.  Here, the liquid film is shear-driven upwards, with the interface marred by both 
ripples and relatively large waves that are induced by the high vapor shear. 
 4.1.2  Flow Regime Map 
After careful examination of video records for different operating conditions, flow 
behavior appears to fall into one of four distinct regimes: falling film, oscillating film, 
flooding, and climbing film.  The oscillating film regime can be described as follows.  The 
liquid film incurs flooding for a short duration, but, as more condensate accumulates in 
the film, the film gets thicker and begins to exhibit falling film behavior.  The liquid film 
appears quite thin for a short period, allowing the downward body force to be balanced 
by the upward vapor shear, and the film incurs flooding.  But, with the condensation 
increasing liquid mass, the film becomes thicker, and the downward body force begins to 
exceed the vapor shear, causing the flow to switch to that of a falling film.  This in turn 
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causes a thinning of the liquid film and temporary flooding followed by re-thickening and 
repeat of the falling film behavior in a sequential manner. 
The four flow regimes are used to construct a flow regime map for upward 
condensing flows using coordinates based on the Wallis dimensionless superficial 
velocities defined in Eqs. 8(a) and 8(b).  Figure 4.2 shows the Wallis relation with C = 1 
predicts data corresponding to the onset of flooding with good accuracy.  Falling film 
flow is achieved when C < 0.85 (C = 0.56 for Fig. 4.1(a)), oscillating flow 0.85 < C < 1.0, 
flooding 1.01 < C < 1.21 (C = 1.10 for Fig. 4.1(b)), and climbing film C > 1.21 (C = 1.52 























Figure 4.2 Flow regime map for condensation of FC-72 in flow visualization module with 
Di = 10.16 mm. 
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4.2  Heat Transfer Measurements 
 4.2.1  Heat Transfer Data Reduction 
A thermal model is constructed to determine the local condensation heat transfer 
coefficient in the condensation module intended for heat transfer measurements.  As 
discussed in [88], the film interface is assumed to maintain saturation temperature, Tsat (z), 
which is determined from the pressure measurements.  Given the very small pressure 
drop across the condensation length, the saturation pressure, Psat (z), used to determine 
Tsat (z) is calculated from a linear curve fit between the measured inlet pressure, Pin, and 
outlet pressure, Pout.  The water temperature, Tw (z), and outer wall temperature of the 
inner tube, Twall,o (z), are determined from curve fits to their respective measured values.  
A differential amount of heat, dq, which is equal to the differential rise in sensible energy 
of the cooling water, is transferred from the FC-72 to the cooling water.  The thermal 
model for the region xe < 1 is represented by the relation 
 dq = π Di dz( ) h Tsat −Twall,i( ) =
Twall,i −Twall,o
ln Do /Di( )
2π kss dz
=mwcp,w dTw  , (9) 
which is used to determine the local condensation heat transfer coefficient, h(z), of FC-72.  
For the small superheated inlet region before the liquid film begins to develop, the 
temperature of the superheated FC-72 vapor, Tg (z), is determined from the energy 
balance mFC cp,g dTg =mw cp,w dTw , and the thermodynamic equilibrium quality for the 
superheated region is given by 
 xe =1+





Equation (10) is also used to determine the location where xe = 1.  The heat transfer 
coefficient for the superheated region is obtained by replacing Tsat in Eq. (9) with the 
local temperature of the superheated vapor. 
 dq = π Di dz( ) h Tg −Twall,i( ) =
Twall,i −Twall,o








=mwcp,w dTw  . (11) 
 For the saturated region (xe < 1), the local flow rate of the condensing film, )(zmf , 
is obtained by integrating the relation fgf hdqmd /=  from the location where xe = 1.  The 
local thermodynamic equilibrium quality in the same region is given by 
xe = mFC −mf( ) mFC .  
 4.2.2  Temporal and Spatial Records of Heat Transfer Parameters 
Figures 4.3 – 4.5 show spatial records of outer condensation tube wall 
temperature, Twall,o, water temperature, Tw, and condensation heat transfer coefficient, h, 
measured along the condensation length after reaching steady state conditions.  Shown 
are results for four sets of operating conditions representative of falling film, oscillating 
film, flooding and climbing film regimes.  Despite waiting until all system pressures and 
temperatures reach steady state before making these measurements, relatively high wall 
temperature fluctuations are persistent in both the falling film and oscillating film regimes 
as shown in Figs. 4.3(a) and 4.3(b) respectively.  These regimes correspond to low FC-72 
mass velocities (GFC = 29.20 kg/m2s for falling film and 58.39 kg/m2s for oscillating film) 
and relatively low values of parameter C in Eq. (7) (C = 0.74 for falling film and 0.97 for 
oscillating film), based on the flow regime map presented earlier.  Notice that the 
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temperature fluctuations are more pronounced but more periodic for the falling film 
regime, compared to a less pronounced but more chaotic response for the oscillating film 
regime.  Additionally, the temperature fluctuations are more severe in the exit region 
compared to the inlet and middle regions for both regimes.  The amplitude of temperature 
fluctuations is greatly diminished for the flooding and climbing film regimes as shown in 
Figs. 4.3(c) and 4.3(d), respectively.  These regimes correspond to relatively high mass 
velocities (GFC = 77.81 kg/m2s for flooding and 232.94 kg/m2s for climbing film), and 
relatively low C values of 1.12 and 2.11 for the flooding and climbing film regimes, 
respectively. 
As shown in Figs. 4.4(a) - (d), the variations of water temperature, Tw, are similar 
in overall trend to those of the wall temperature.  While the amplitude of water 
temperature fluctuations is much smaller than that for the wall temperature, the water 
temperature fluctuations are slightly more pronounced for the falling film and oscillating 
film than for the flooding and climbing film regimes.   
Figures 4.5(a) - (c) show the variations of the local condensation heat transfer 
coefficient, h, derived from those for the wall and water temperatures.  Here too, the 
variations follow the general trends displayed in Figs. 4.3(a) - (d) and 4.4(a) - (d). 
Figures 4.6(a) - (d) show temporal variations of the condensation heat transfer 
coefficient, h, at four different axial locations of z = 71, 147, 300 and 528 mm from the 
inlet of the condensation length.  Notice that these variations are fairly periodic for the 
falling film regime, Fig. 4.6(a), and both more severe and more chaotic for the oscillating 
film regime, Fig. 4.6(b).  The percentage amplitude is greatly diminished both for the 
flooding regime, Fig. 4.6(c), and climbing film regime, Fig. 4.6(d).  It should be noted 
58 
 
that all temperature measurements are averaged over an adequate time period to obtain 










Figure 4.3 Variation of temporal record of outside tube wall temperature, Twall,o, along 
condensation length for (a) GFC = 29.20 kg/m2s and Gw = 9.25 kg/m2s, (b) GFC = 58.39 
kg/m2s and Gw = 46.25 kg/m2s,  (c) GFC = 77.81 kg/m2s and Gw = 73.99 kg/m2s, and (d) 
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Figure 4.4 Variation of temporal record of water temperature, Tw, along condensation 
length for (a) GFC = 29.20 kg/m2s and Gw = 9.25 kg/m2s, (b) GFC = 58.39 kg/m2s and Gw 
= 46.25 kg/m2s,  (c) GFC = 77.81 kg/m2s and Gw = 73.99 kg/m2s, and (d) GFC = 232.94 
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Figure 4.5 Variation of temporal record of local condensation heat transfer coefficient, h, 
along condensation length for (a) GFC = 29.20 kg/m2s and Gw = 9.25 kg/m2s, (b) GFC = 
58.39 kg/m2s and Gw = 46.25 kg/m2s,  (c) GFC = 77.81 kg/m2s and Gw = 73.99 kg/m2s, 
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Figure 4.6 Temporal records of condensation heat transfer coefficient at four axial 
locations for (a) GFC = 29.20 kg/m2s and Gw = 9.25 kg/m2s, (b) GFC = 58.39 kg/m2s and 
Gw = 46.25 kg/m2s,  (c) GFC = 77.81 kg/m2s and Gw = 73.99 kg/m2s, and (d) GFC = 232.94 
kg/m2s and Gw = 73.99 kg/m2s. 
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 4.2.3  Heat Transfer Trends 
Figure 4.7(a) shows axial variations of the outer wall temperature of the inner 
tube, Twall,o, and the cooling water temperature, Tw (z), for four different combinations of 
FC-72 and water mass velocities.  Both temperature distributions are determined from 
third-order polynomial curve fits to axial distance.  These distributions are then used to 
calculate the corresponding variations depicted in Fig. 4.7(b) for the amount of heat 
transferred from the FC-72 to the cooling water per unit length, dq/dz, using Eqs. (9) and 
(11), and the FC-72 mass quality, x, using ( ) FCfFC mmmx −= .  Figure 4.7(b) shows dq/dz 
for all FC-72 mass velocities is highest in the upstream region, where the condensate film 
is thinnest, and decreases gradually towards the outlet because of the increasing film 
thickness.  Additionally, dq/dz increases with increasing mass velocity of FC-72 because 
of the increased vapor shear.  As expected, Fig. 4.7(b) shows x is highest in the upstream 
region and decreases gradually towards the outlet.  Notice that dq/dz subsides for all mass 
velocities to very low values at the outlet, where values of x below 0.68 indicate the 
annular liquid film can no longer be maintained. 
 Figures 4.8(a) - (d) show the variations of the experimentally determined local 
FC-72 heat transfer coefficient, h, with axial distance in both the single-phase 
superheated vapor and film condensation regions for FC-72 mass velocities of GFC = 
29.20, 58.39, 194.30 and 329.41 kg/m2s, respectively, and different water mass velocities.  
The heat transfer coefficient is relatively low in the superheated vapor region near the 
inlet for most cases, and increases rather sharply to peak value where the annular liquid 
film is initiated.  Note that a clearly defined single-phase vapor flow region upstream of 
the peak point would yield a fairly constant h value.  The unexpected trend of increasing 
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h in the same upstream region may be explained by the film condensation commencing in 
a circumferentially nonuniform manner within the predominantly single-phase vapor 
region where xe > 1.  The peak value is believed to occur where nearly full coverage of 
the inner circumference by the liquid film is achieved.  As shown in Figs. 4.8(a) - (d), h 
decreases along the condensation length downstream of the peak value for all FC-72 
mass velocities.  This trend is the result of the condensation liquid film being thinnest 
where the annular film is initiated and gradually increasing in thickness along the 
condensation length.  It should also be noted that heat transfer in the upstream thin film 
region is laminar and dominated by conduction across the film.  This trend is fairly 
monotonic for all cases corresponding to the three lowest FC-72 mass velocities, Figs. 
4.8(a) - (c).  However, Fig. 4.8(d) shows h for GFC = 329.41 kg/m2s and two Gw values 
reaches a minimum before increasing again towards the outlet.  The downstream increase 
can be explained by the film turning turbulent, with the heat transfer potentially enhanced 
by the intensified interfacial waviness.  Comparing Figs. 4.8(a) - (d) shows h generally 
increases with increasing FC-72 mass velocity, which can be attributed to thinning of the 
film by the increasing vapor shear.   
  Figures 4.9(a) - (d) show the variations of h with thermodynamic equilibrium 
quality, xe.  These plots exclude the region from the inlet to the peak point captured in 
Figs. 4.8(a) - (d).  Figures 4.9(a) - (c) corresponding to the three lowest FC-72 mass 
velocities show a monotonic decline in h with decreasing xe, which is the result of the 
aforementioned axial increase in film thickness.. However, h for the highest FC-72 mass 
velocity and two water mass velocities, Fig. 4.9(d), reaches a downstream minimum 
before increasing slightly because of downstream turbulence and interfacial waviness.  
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Notice in Fig. 4.9(d) that the downstream minimum is absent for the lower values of Gw.  
This can be explained by the low Gw values reducing heat transfer rate between the two 
fluids, which prevents the liquid film from attaining sufficiently high flow rates 
downstream to achieve sufficient turbulence and downstream waviness. 
Figure 4.10(a) shows the axial span of the four flow regimes over the 807.7-mm 
measurement length for six FC-72 mass velocities of GFC = 29.20, 38.94, 58.39, 77.82, 
97.31, and 116.74 kg/m2s.  For each value of GFC, there is a relatively short upstream 
superheated region.  For the lowest mass velocity of GFC = 29.20 kg/m2s, falling film 
flow is encountered over the entire two-phase region.  As GFC is increased to 38.94 
kg/m2s, oscillating film flow is encountered for a short distance immediately downstream 
of the superheated region, and falling film flow farther downstream.  Notice how multiple 
flow regimes are encountered for GFC = 58.39, 77.82, and 97.31 kg/m2s, but only 
climbing film flow is prevalent for GFC = 116.74 kg/m2s.   
 Figure 4.10(b) shows the variation of the average condensation heat transfer 
coefficient, h , with exit film Reynolds number, Ref,out.  To determine h , local heat 
transfer coefficient values are averaged over the 807.7-mm measurement length starting 
with the peak locations identified in Figs. 4.8(a) - (d), therefore excluding the upstream 
superheated vapor region.  Notice that there is appreciable data scatter for Ref,out < 1600, 
where all four flow regimes are encountered.  However, data for the climbing film regime 
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Figure 4.8 Axial variation of experimentally determined local condensation heat transfer 
coefficient for different water mass velocities and FC-72 mass velocities of (a) GFC = 
29.20 kg/m2s, (b) GFC = 58.39 kg/m2s, (c) GFC = 194.30 kg/m2s, and (d) GFC = 329.41 
kg/m2s. 
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Figure 4.9 Variation of experimentally determined local condensation heat transfer 
coefficient with thermodynamic equilibrium quality for different water mass velocities 
and FC-72 mass velocities of (a) GFC = 29.20 kg/m2s, (b) GFC = 58.39 kg/m2s, (c) GFC = 
194.30 kg/m2s, and (d) GFC = 329.41 kg/m2s.  These plots exclude the region captured in 
Fig. 4.8 from the inlet to the peak point. 
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Figure 4.10 (a) Variation of flow regimes along condensation length for different FC-72 
mass velocities.  (b)  Variation of experimentally determined average FC-72 
condensation heat transfer coefficient with film Reynolds number at the exit. 
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CHAPTER 5.  HORIZONTAL FLOW CONDENSATION 
5.1  Flow Visualization Results 
 5.1.1 Condensation Regimes 
Again, it is crucial to point out that, because the FC-72 film covers the inner wall 
of the inner tube, the captured video images represent two separate interfaces overlaid on 
one another.  Nonetheless, the video method used and construction of the flow 
visualization module could clearly identify all dominant flow regimes.   
To map condensation regimes, video images are captured for 110 sets of 
operating conditions at three 381-mm long inlet, middle and outlet regions centered at z = 
190, 571 and 952 mm, respectively, from the FC-72 inlet.  These tests yield superheated 
vapor flow in the inlet region, while, as indicated earlier, 6 tests produce subcooled liquid 
flow in the outlet region.  After careful examination of the video images, four dominant 
flow regimes are identified: stratified, stratified-wavy, wavy-annular with gravity 
influence, and wavy-annular without gravity influence.  When computing parameters for 
assessment of flow regime maps using the data reduction technique discussed later, the 
temperatures of both the FC-72 and cooling water are assumed to vary linearly along the 
condensation length of the flow visualization module.  The FC-72 parameters used in the 
flow regime maps include mass velocity, GFC, thermodynamic equilibrium quality, xe, 




number, We*, Lockhart-Martinelli parameter, Xtt, and dimensionless superficial vapor 
velocity, jg*. 
Figure 5.1 shows representative sequential images of the FC-72 condensation film 
along the inner wall of the glass tube for the aforementioned four condensation regimes.  
The duration of each sequence is 0.3 s, with individual images separated by 0.0125 s.  
The images presented in Fig. 5.1(a) are captured in the middle region, centered at z = 571 
mm from the FC-72 inlet, and Figs. 5.1(b) – 5.1(d) in the exit region, centered at z = 952 
mm.  It is noted that all high-speed video clips are captured at 8,000 frame/s with a 
resolution of 512 x 256 pixels. 
Figure 5.1(a) shows representative images of the stratified regime corresponding 
to GFC = 26.65 kg/m2s, xe = 0.43 and Gw = 36.66 kg/m2s.  Computed values for the FC-72 
flow parameters in this figure are jf = 0.01, jg’ = 3.00, We* = 5.52, Xtt = 0.17 and jg* = 0.25.  
The stratified regime is characterized by complete separation between liquid and vapor, 
which occurs at low mass velocities for both phases.  Weak vapor and liquid inertia at 
these conditions enable gravity to play a dominant role, accumulating the liquid at the 
bottom of the tube and vapor above.  The liquid-vapor interface appears to be laminar, 
which can be explained by the weak vapor shear corresponding to low GFC.  Relatively 
large waves are observed at the interface at times, but these waves quickly subside into 
the liquid layer. 
 Representative images of the stratified-wavy regime are depicted in Fig. 5.1(b) 
corresponding to GFC = 53.25 kg/m2s, xe = 0.29 and Gw = 61.10 kg/m2s.  Computed 
values for this test are jf = 0.02, jg’ = 3.83, We* = 6.58, Xtt = 0.32 and jg* = 0.32.  




the vapor and liquid as well as the vapor shear stress; both intensify interfacial instability.  
There is also an increase in the amplitude of the interfacial waves, but this amplitude is 
still too small to ensure any appreciable liquid contact with the top of the tube.  The 
liquid in the stratified-wavy regime is still accumulated on the bottom in the form of a 
thick liquid layer, which demonstrates the important influence of gravity for this regime.  
Figure 5.1(b) shows liquid droplets are broken off the wave crests and entrained into the 
vapor flow.   
 As the mass velocity of FC-72 is increased further, the vapor shear becomes 
strong enough to spread the liquid along the entire tube perimeter.  This behavior is 
captured in Fig. 5.1(c) corresponding to GFC = 132.94 kg/m2s, xe = 0.65 and Gw = 183.32 
kg/m2s, and computed FC-72 parameters of jf = 0.03, jg’ = 21.37, We* = 20.06, Xtt = 0.08 
and jg* = 1.76.  This flow regime is identified as wavy-annular with gravity influence.  
The effect of gravity is manifest by the thicker film at the bottom compared to a much 
thinner film at the top.  There is also increased turbulence and interfacial instability, with 
the film’s interface at the bottom incurring chaotic large waves, while the film at the top 
exhibits mostly small capillary ripples.  Droplets are created mostly from breakup of 
waves on the bottom liquid layer. 
 A large increase in GFC greatly increases the vapor velocity and therefore 
interfacial shear, which dwarfs the influence of gravity altogether.  This results in the 
wavy-annular without gravity influence regime depicted in Fig. 5.1(d) for GFC = 265.19 
kg/m2s, xe = 0.76 and Gw = 366.66 kg/m2s, and corresponding computed FC-72 
parameters of jf = 0.04, jg’ = 49.61, We* = 37.17, Xtt = 0.05 and jg* = 4.08.  Here, the 




by the large vapor shear, which is also responsible for formation of both large waves and 
small ripples.  High shear also causes breakup of minute liquid droplets from the wave 
crests; these droplets are entrained in the form of clusters that are entrained in the vapor 
core.  
 
Figure 5.1   Sequential images of (a) stratified regime with GFC = 26.65 kg/m
2
s, xe = 0.43 
and Gw = 36.66 kg/m
2
s, (b) stratified-wavy regime with GFC = 53.25 kg/m
2
s, xe = 0.29 
and Gw = 61.10 kg/m
2
s, (c) wavy-annular with gravity influence regime with GFC = 
132.94 kg/m
2
s, xe = 0.65 and Gw = 183.32 kg/m
2
s, and (d) wavy-annular without gravity 
influence regime with GFC = 265.19 kg/m
2
s, xe = 0.76 and Gw = 366.66 kg/m
2
s.  Total 
duration of each sequence is 0.3 s, with individual images separated by 0.0125 s. 
 
 5.1.2 Flow Regime Maps 
 The experimental flow regime data are compared to four different types of 
previously published regime maps.  Table 5.1 provides information concerning working 











comparison between the present flow regime data and prior G versus xe regime maps [23, 
79].  Despite differences in hydraulic diameter and channel geometry between the present 
study and the original map, this map shows fair ability in capturing the present annular 
regime data.  Notice that a combination of high GFC and high xe produces annular flow 
(designated in the original map as wavy-annular and smooth-annular regimes), which 
also includes the present wavy-annular with gravity influence and wavy-annular without 
gravity influence regimes.  For small GFC and small xe values, gravity plays a dominant 
role in the present study, which is reflected in the stratified-wavy and stratified regimes. 
Table 5.1.  Details of prior flow regime maps.  
 
 
 Figure 5.2(b) compare the present flow regime data with the regime map of 
Mandhane et al. [80], which is based on superficial liquid and vapor velocities, jf and jg, 
respectively.  The map shown here is modified by replacing jg by j g* = ρg ρair jg( ), as 
recommended by Dobson and Chato [21] to extend Mandhane et al.’s original air-water 
map to several types of refrigerants.  Using the modified superficial vapor velocity, Fig. 
5.2(b) shows that this map predicts the present four flow regime data with fair accuracy.  
Notice the far stronger dependence of flow regimes on the modified superficial vapor 
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The experimental flow regime data are compared to two other types of maps that 
compensate for differences in working fluid and tube geometry with the aid of 
appropriate dimensionless groups.  Figure 5.2(c) compares the present data with those of 
Soliman [83], Chen et al. [84] and Kim and Mudawar [85].  Soliman derived flow regime 
boundary relations by balancing destructive and stabilizing forces using the modified 














0.4   for  Ref ≤1250 ,  (12a) 















































  for  Ref >1250,  (12b) 
where Reg = xe GD / μg ,  (13a) 






























and  φg =1+1.09Xtt0.039. (15) 
Using Soliman’s dimensionless groups, Chen et al. [84] recommended relations 
for the boundaries between his annular and stratified-wavy regimes and between 
stratified-wavy and plug regimes based on experimental data for horizontal condensation 
of R134a inside 12 and 14-mm microfin tubes.  Also using Soliman’s dimensionless 
groups, Kim and Mudawar [85] recently proposed the following boundary relations for 




0.5 .  (16a) 
Wavy-annular to transition:
 
We* = 24 Xtt







0.2 .  (16c) 
It should be emphasized that We* in the above relations and all We* relations hereafter 
are defined according to Eqs. (12a) and (12b) depending on the magnitude of Ref.  Figure 
5.2(c) shows fair agreement between the present flow regime data and the predictions of 
the We* - Xtt map.  However, the present regime data are better segregated with the aid of 
the following regime boundary relations based on modified Weber number: 
Stratified:
  
We* < 6.03. (17a) 
Stratified to wavy stratified:
 
6.03 ≤We* <19.39.   (17b) 
Wavy stratified to wavy-annular with gravity influence:
  
 
19.39 ≤We* < 25.46.   (17c) 
Wavy-annular without gravity influence:
 
We* ≥ 25.46 .  (17d) 
 Figure 5.2(d) compares the present flow regime data to a fourth type of regime 
map proposed by Breber et al. [81], which utilizes the coordinates of dimensionless 





g Dρg ρ f − ρg( )
. (18) 
Breber et al. proposed annular flow is achieved for jg* >1.5
 
and Xtt <1.0, and stratified 





and Xtt <1.0 .  Again, this map predicts the present 
flow regimes fairly well, however, the present regime data are better segregated 









Stratified to wavy stratified:
 
0.28 ≤ jg
* <1.61. (19b) 




* < 2.54 . (19c) 
Wavy-annular without gravity influence:
 
jg
* ≥ 2.54.  (19d) 
 
 
Figure 5.2   Comparison of present flow regime data with flow regime maps of: (a) Wang 
et al. [23] and Kim et al. [79], (b) Mandhane et al. [80], (c) Soliman [83], Chen et al. [84] 
and Kim et al. [85], and (d) Breber et al. [81]. 
 
 
Overall, the four types of regime maps show fair ability in predicting the present 
flow regimes, especially in terms of overall regime trends.  However, these maps are not 
able to predict conditions where the influence of gravity can be negated.  This limitation 
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is corrected with the aid of the new regime boundary relations, Eqs. 17(a)-17(d) and 
19(a)-19(d).  Nonetheless, the reader is reminded about the fundamental weakness of all 
regime maps, which stems from the inability to accurately describe boundaries between 
drastically different flow regimes that are characterized by different dimensionless groups 
using a single two-dimensional plot.  
5.2  Heat Transfer Results 
 5.2.1 Determination of Local Flow Regimes 
Unlike the flow visualization module used to assess the condensation flow 
regimes as discussed in the previous section and Fig. 5.2, the heat transfer module used to 
measure h(z) does not allow video access to the condensing flow.  Therefore, the flow 
regime transition relations discussed in the previous section are used to relate the 
measured heat transfer coefficient data to well-defined flow regimes.  Figures 5.3(a) and 
5.3(b) show five different combinations of GFC and Gw from the heat transfer module test 
matrix presented in We* - Xtt and jg* - Xtt maps, respectively, excluding the short upstream 
superheated region.  Indicated are the new regime boundary relations given by Eqs. 
17(a)-17(d) in Fig. 5.3(a) and Eqs. 19(a)-19(d) in Fig. 5.3(b).  Both sets of regime 
boundary relations provide consistent predictions of the local flow regimes with only 
minor discrepancies.  For the heat transfer study, the flow regime boundary relations 
based on dimensionless superficial vapor velocity, jg*, are utilized to determine the local 





Figure 5.3  (a) Operating conditions for heat transfer module superimposed on prior flow 
regime maps based on We* versus Xtt, along with predictions of Soliman [83], Chen et al. 
[84] and Kim et al. [79].  (b) Operating conditions for heat transfer module superimposed 
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 5.2.2 Circumferential Variations of Heat Transfer Parameters 
 Figure 5.4(a) shows, for five sets of operating conditions, axial variations of wall 
temperatures of the condensation tube measured by the thermocouples on the top and 
bottom of the outer tube wall, Twall,o,top and Twall,o,bottom, respectively, and the measured 
cooling water temperature, Tw.  Also shown are third-order polynomial curve fits to axial 
distance for the top outer wall temperature, bottom outer wall temperature, average of the 
top and bottom outer wall temperatures, and water temperature.  These plots show 
relatively short single-phase superheated vapor regions for all five cases; temperature 
differences between the top outer wall and the bottom outer wall are miniscule in the inlet 
region.  For the lowest FC-72 mass velocity at GFC = 77.91 kg/m2s, subcooled liquid flow 
occupies nearly half of the condensation length in the downstream region.  After the short 
superheated region, the stratified-wavy and stratified regimes are encountered in 
sequence in the upstream region.  Notice that the subcooled liquid region is absent for all 
other higher GFC.  With increasing GFC, the condensation length occupied by the 
stratified and stratified-wavy regimes becomes shorter, displaced upstream by the wavy-
annular with gravity influence and wavy-annular without gravity influence regimes in 
order.  Notice that most of the condensation length is occupied by the wavy-annular 
without gravity influence regime for the two larger FC-72 mass velocities of GFC = 
271.73 and 386.36 kg/m2s.   Figure 5.4(a) also shows the differences between the top and 
bottom outer wall temperatures are more significant in the stratified-wavy and stratified 
regimes, caused by accumulation of liquid and better cooling towards the bottom of the 
tube.  The maximum differences between the top and bottom outer wall temperatures in 




wavy-annular without gravity influence and wavy-annular with gravity influence regimes, 
the temperature difference is less significant (especially for the former regime) as the 
liquid film is now spread circumferentially around the inner perimeter in response to 
increasing vapor shear.  The maximum differences between the top and bottom outer wall 
temperatures in the wavy-annular without gravity influence and wavy-annular with 
gravity influence regimes are 1.68ºC and 1.00ºC, respectively.  
Figure 5.4(b) shows axial variations of the condensation heat transfer coefficient 
obtained using the top outer wall temperature, bottom outer wall temperature, and 
average temperature of the two for the same operating conditions as those in Fig. 5.4(a).  
Like the temperature measurements, differences among the condensation heat transfer 
coefficients obtained from the three different outer wall temperatures are more significant 
in the stratified-wavy and stratified regimes.  The maximum differences between the 
condensation heat transfer coefficients obtained from the top and bottom outer wall 
temperatures in the stratified-wavy and stratified regimes are 7.77% and 7.60%, 
respectively.  The maximum differences between the condensation heat transfer 
coefficients obtained from the top and bottom outer wall temperatures in the wavy-
annular without gravity influence and wavy-annular with gravity influence regimes are 
4.66% and 3.15%, respectively.  It is important to note that all heat transfer results 





Figure 5.4 Axial variations of (a) outer wall temperatures (top, bottom and average) of 
condensation tube and cooling water temperature in heat transfer module, and (b) 
corresponding condensation heat transfer coefficients for five combinations of FC-72 and 
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 5.2.3 Heat Transfer Trends 
Figure 5.5(a) shows axial variations of the outer wall temperature of the inner 
tube, Twall,o, and the water temperature, Tw (z), for four different combinations of FC-72 
and water mass velocities; both variations are determined from third-order polynomial 
curve fits to axial distance.  These distributions are then used to calculate corresponding 
variations depicted in Fig. 5.5(b) for the amount of heat transferred from the FC-72 to the 
water per unit length, dq/dz, using Eqs. (9) and (11), and the FC-72 mass quality, x, using 
x = ˙ m FC − ˙ m f( ) ˙ m FC .  Figure 5.5(b) shows dq/dz for all FC-72 mass velocities is highest 
in the upstream region, where the condensate film is thinnest, and decreases gradually 
towards the outlet because of increasing film thickness.  Additionally, dq/dz increases 
with increasing GFC because of increased vapor shear.  As expected, Fig. 5.5(b) shows x 
is highest in the upstream region and decreases gradually towards the outlet.   
Figures 5.6(a) – 5.6(d) show axial variations of the experimentally determined 
local FC-72 heat transfer coefficient, h, in both the single-phase superheated vapor region 
and film condensation regions for GFC = 155.54 - 500.76 kg/m2s and Gw = 246.65 - 
308.32 kg/m2s.  For most cases, the heat transfer coefficient increases rather sharply in 
the superheated vapor region near the inlet, reaching peak value where the annular liquid 
film is initiated.  Note that a clearly defined single-phase vapor flow region upstream of 
the peak point would yield a fairly constant h value.  The unexpected trend of increasing 
h in the upstream region may be explained by the film formation commencing in a 
circumferentially nonuniform manner within the predominantly single-phase vapor 
region where xe > 1.  The peak value is believed to occur where the film initiation 




peak value for all FC-72 mass velocities because of the increasing liquid film thickness.  
Comparing Figs. 5.6(a) – 5.6(d) shows h increases with increasing GFC, which can be 
attributed to thinning of the film by the increasing vapor shear.   
 
 
Figure 5.5 Axial variations of (a) measured and fitted temperatures of outer wall of 
condensation tube and cooling water in heat transfer module, and (b) heat transferred 
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Figure 5.6 Axial variation of experimentally determined condensation heat transfer 
coefficient in heat transfer module for different water mass velocities and FC-72 mass 
velocities of (a) GFC = 155.54 kg/m
2
s, (b) GFC = 271.76 kg/m
2
s, (c) GFC = 386.54 kg/m
2
s, 




Figures 5.7(a) – 5.7(d), which exclude the region from the inlet to the peak point 
captured in Figs. 5.6(a) – 5.6(d), show a monotonic decrease in h with xe for four FC-72 
mass velocities.  This trend is attributed to the aforementioned axial increase in film 
thickness. 
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Figure 5.7 Variation of experimentally determined local condensation heat transfer 
coefficient in heat transfer module with thermodynamic equilibrium quality for different 
water mass velocities and FC-72 mass velocities of (a) GFC = 155.54 kg/m
2
s, (b) GFC = 
271.76 kg/m
2
s, (c) GFC = 386.54 kg/m
2
s, and (d) GFC = 500.76 kg/m
2
s.  These plots 
exclude the superheated region data captured in Fig. 5.6 from the inlet to the peak point. 
 
 5.2.4 Axial Span of Flow Regimes 
Figure 5.8 shows axial spans of the four flow regimes over the 807.7-mm 
measurement length for five FC-72 mass velocities of GFC = 116.80, 155.53, 232.98, 
271.79 and 310.19 kg/m2s and Gw = 246.65 – 308.32 kg/m2s.  For each value of GFC, 
there is a relatively short upstream superheated region.  The stratified regime is present 
only over a short downstream distance for the lowest mass velocity of GFC = 116.80 
kg/m2s, and absent for the higher FC-72 mass velocities.  The stratified-wavy regime is 
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present for the three lowest FC-72 mass velocities, and the axial span of the same regime 
decreases with increasing GFC; the stratified-wavy regime is non-existent at GFC = 271.79 
kg/m2.  The wavy-annular with gravity influence regime is present for a broad range of 
GFC from 116.80 to 271.79 kg/m2s, but the axial span of this regime is relatively short for 
all four cases.  The wavy-annular without gravity influence regime is present from GFC = 
155.53 kg/m2s, and its axial span increases with increasing GFC.  Notice that only the 
wavy-annular without gravity influence regime is present over the entire two-phase 




Figure 5.8 Variations of flow regimes along condensation length for different FC-72 mass 
velocities. 
 














































 5.2.5 Average Condensation Heat Transfer Coefficient 
Figure 5.9 shows the variation of the average condensation heat transfer 
coefficient, , with mass velocity of the cooling water, Gw, for different FC-72 mass 
velocities.  The values presented in Fig. 5.9 are averaged over the two-phase 
condensation region, thus excluding the upstream superheated vapor region.  h  increases 
with increasing GFC because of the increased interfacial shear and thinning of the liquid 
film.  Figure 5.10 shows  increases monotonically with the film Reynolds number, 
Ref,avg, averaged over the two-phase condensation region.  
 
 
Figure 5.9 Variation of experimentally-determined average condensation heat transfer 
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Figure 5.10 Variation of experimentally-determined average condensation heat transfer 
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CHAPTER 6.  ORIENTATION EFFECTS ON FLOW CONDENSATION 
6.1  Flow Visualization Results 
Prior to discussing the results from the flow visualization condensation module, it 
is noted that the flow images presented in Figs. 6.1 – 6.3 have resolutions of 512 x 344, 
1024 x 512, and 256 x 512 pixels for horizontal flow, vertical downflow, and vertical 
upflow, respectively.  The actual length of the captured region in the images for 
horizontal flow is 35.74 mm, and the actual heights of the captured regions for vertical 
downflow and vertical upflow are 6.69 mm and 40.80 mm, respectively.  The total 
duration of each sequence in Figs. 6.1 – 6.3 is 0.3 s, and individual images in each 
sequence are separated by 0.0125 s.  
Figure 6.1 shows representative sequential images of the FC-72 condensation film 
along the inner wall of the glass tube captured in the middle region, centered at z = 571 
mm, for relatively low FC-72 mass velocities and three different flow orientations.  
Figure 6.1(a) depicts flow images captured in horizontal flow corresponding to GFC = 
39.94 kg/m2s and Gw = 45.83 kg/m2s.  Due to the velocity difference between the vapor 
and liquid, interfacial instability is prevalent as shown in the figure.  However, the 
amplitude of the interfacial waves is too small to ensure any appreciable liquid contact 
with the top of the condensing tube.  At this relatively low FC-72 mass velocity, the 




of gravity is significant for horizontal flow.  Figure 6.1(b) shows flow images captured 
during vertical downflow condensation with GFC = 38.48 kg/m2s and Gw = 41.98 kg/m2s.  
At this low mass velocity of FC-72, the film appears relatively smooth and laminar, 
marred by a few surface ripples.  As the direction of gravitational force is the same as that 
of the flow, circumferential symmetry is achieved, and the film thickness seems uniform 
along the tube inner wall at any axial location.  Figure 6.1(c) shows flow images captured 
during vertical upflow condensation, where the liquid film is moving downwards as the 
vapor moves upwards, with GFC = 39.96 kg/m2s and Gw = 45.85 kg/m2s.  These images 
show falling film behavior, which occurs when the vapor velocity is low and the 
influence of gravity on liquid motion significant.  As shown in the figure, the falling 
liquid film appears to be momentarily annular.  However, the film collapses into small 
liquid droplets and shows chaotic behavior as it interacts with the upwards moving vapor.  
Some of the shattered liquid moves upwards along with the vapor, and the rest is 
deposited back onto the liquid film.  A highly mixed two-phase mixture is produced by 
the chaotic combination of falling film, upward moving vapor core, entrained vapor 
bubbles, and shattered liquid.  This behavior is quickly replaced by the initial laminar 
film, and the process is repeated in a cyclical manner.  It is noted that the motion of the 
annular liquid film is governed by the relative magnitude of the shear stress created by 
the upward moving vapor core and the gravitation force acting in the opposite direction, 
and the behavior shown in Fig 6.1(c) is representative of relatively weak vapor shear.  
Based on the flow images shown in Fig. 6.1 for low FC-72 mass velocities, it is obvious 




Figure 6.2 shows representative images for moderate FC-72 mass velocities for all 
three flow orientations.  These images are captured in the outlet region, centered at z = 
952 mm.  For horizontal flow, increasing the mass velocity of FC-72 compared to that 
corresponding to Fig 6.1(a) causes vapor shear to become strong enough to spread the 
liquid along the entire tube perimeter as shown in Fig. 6.2(a) for GFC = 79.78 kg/m2s and 
Gw = 73.32 kg/m2s.  However, there is still a noticeable gravity influence, evidenced by a 
thicker liquid film at the bottom compared to a much thinner film at the top.  Increased 
FC-72 mass velocity produces higher interfacial shear and more turbulence, which are 
evident from the intensified interfacial instabilities and chaotic behavior of the 
condensing film at the bottom of the tube.  Figure 6.2(b) shows flow images for vertical 
downflow with GFC = 89.96 kg/m2s and Gw = 83.95 kg/m2s.  Again, the increased FC-72 
mass velocity compared to that in Fig. 6.1(b) produces higher interfacial shear, which 
increases interfacial instabilities and turbulence.  Figure 6.2(c) presents flow images of 
climbing film flow with GFC = 79.93 kg/m2s and Gw = 73.36 kg/m2s, which occurs during 
vertical upflow.  Here, the liquid film is shear-driven upwards, with the interface marred 
by ripples and large waves that are induced by the high vapor shear.  Overall, Fig. 6.2, 
show different liquid film behavior for different flow orientations in the moderate range 
of FC-72 mass velocities. 
Figure 6.3 shows flow images captured in the inlet region, centered at z = 190 mm, 
for high FC-72 mass velocities for the three flow orientations.  As the mass velocity of 
FC-72 is increased, the vapor velocity and interfacial shear both increase, dwarfing 
altogether the influence of gravity.  This behavior is clearly depicted in Fig. 6.3(a) for 




shows the liquid film spread uniformly along the inner perimeter.  The film motion in this 
case is dominated by the large vapor shear, and is marred by both large waves and small 
ripples.  As shown in Fig. 6.3(b) for vertical downflow condensation with GFC = 136.51 
kg/m2s and Gw = 125.93 kg/m2s, and Fig. 6.3(c) for vertical upflow condensation with 
GFC = 132.97 kg/m2s and Gw = 122.21 kg/m2s, the film flow behavior is similar to that for 
horizontal flow.  Figure 6.3 shows that high FC-72 mass velocities render film motion 





Figure 6.1 Sequential images of condensing flow for relatively low FC-72 mass velocities 
at (a) GFC = 39.94 kg/m
2
s and Gw = 45.83 kg/m
2
s for horizontal flow, (b) GFC = 38.48 
kg/m
2
s and Gw = 41.98 kg/m
2
s for vertical downflow, and (c) GFC = 39.96 kg/m
2
s and Gw = 45.85 kg/m
2
s for vertical upflow.  The total duration of each sequence is 0.3 s, with 



















Figure 6.2 Sequential images of condensing flow for relatively moderate FC-72 mass 
velocities at (a) GFC = 79.78 kg/m
2
s and Gw = 73.32 kg/m
2
s for horizontal flow, (b) GFC = 
89.96 kg/m
2
s and Gw = 83.95 kg/m
2
s for vertical downflow, and (c) GFC = 79.93 kg/m
2
s 
and Gw = 73.36 kg/m
2
s for vertical upflow.  The total duration of each sequence is 0.3 s, 


















Figure 6.3 Sequential images of condensing flow at relatively high FC-72 mass velocities 
at (a) GFC = 132.95 kg/m
2
s and Gw = 122.21 kg/m
2
s for horizontal flow, (b) GFC = 136.51 
kg/m
2
s and Gw = 125.93 kg/m
2
s for vertical downflow, and (c) GFC = 132.97 kg/m
2
s and 
Gw = 122.21 kg/m
2
s for vertical upflow.  The total duration of each sequence is 0.3 s, 

















6.2  Heat Transfer Results 
 6.2.1  Determination of Local Flow Regimes 
As the condensation module for heat transfer measurements is comprised of 
stainless steel tubes, this module does not permit video access to the condensing flow to 
determine flow regimes.  Therefore, the flow regime transition criteria developed 
previously are used to relate the measured heat transfer coefficient to the dominant flow 
regimes.  For horizontal flow condensation, the local flow regimes are determined using 
transition boundaries based on dimensionless superficial vapor velocity, jg* [110].  For 
vertical downflow condensation, the value of Ref = 770 is used to identify the transition 
between laminar annular and turbulent annular regimes as discussed in [88].  For vertical 
upflow condensation, flow regime boundaries are based on dimensionless superficial 
velocities of vapor and liquid [109], jg* and jf*, respectively. 
 6.2.2 Circumferential variations of Heat Transfer Parameters 
 Figure 6.4(a) shows axial variations of wall temperatures of the condensation tube 
measured by the thermocouples installed on the top and bottom of the outer tube wall, 
Twall,o,top and Twall,o,bottom, respectively, and the measured cooling water temperature, Tw, 
for four different sets of operating conditions.  Also shown in the same figure are third-
order polynomial fits to these temperature, as well as the average of the top and bottom 
outer wall temperatures.  The differences between the top and bottom outer wall 
temperatures are more significant in the stratified-wavy and stratified regimes because of 
accumulation of liquid and better cooling towards the bottom of the tube.  The maximum 




stratified-wavy and stratified regimes are 2.59 and 2.71ºC, respectively.  The temperature 
difference in the wavy-annular without gravity influence and wavy-annular with gravity 
influence regimes decreases as the liquid film is spread circumferentially around the inner 
perimeter due to the increased vapor shear.  The maximum differences between the top 
and bottom outer wall temperatures in the wavy-annular without gravity influence and 
wavy-annular with gravity influence regimes are 1.54 and 1.16ºC, respectively. 
 Axial variations of the condensation heat transfer coefficient determined from the 
top outer wall temperature, bottom outer wall temperature, and average of the two are 
shown in Fig. 6.4(b) for the same operating conditions as those in Fig. 6.4(a).  Similar to 
the temperature measurements, more significant differences among the condensation heat 
transfer coefficients determined from the three outer wall temperatures are encountered in 
the stratified-wavy and stratified regimes. The maximum differences between the 
condensation heat transfer coefficients obtained from the top and bottom outer wall 
temperatures in the stratified-wavy and stratified regimes are 7.57% and 7.81%, 
respectively.  The maximum difference between the condensation heat transfer 
coefficients obtained from the top and bottom outer wall temperatures in the wavy-
annular without gravity influence and wavy-annular with gravity influence regimes are 
4.60% and 3.22%, respectively.  Noted that all heat transfer results presented hereafter 





Figure 6.4 Axial variations of (a) outer wall temperatures (top, bottom and average) of 
condensation tube and cooling water temperature in heat transfer module, and (b) 
corresponding condensation heat transfer coefficients for four combinations of FC-72 and 
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 Unlike horizontal flow, in which gravitaty is perpendicular to the flow, the 
differences between the left and right outer wall temperatures for both vertical downflow 
and vertical upflow are insignificant, and their magnitudes fairly constant for the different 
flow conditions as shown in Fig. 6.5(a) and Fig. 6.6(a).  The maximum temperature 
differences between the left and right outer wall temperatures for vertical downflow and 
vertical upflow are 1.07 and 1.14ºC, respectively.  As a result, differences between the 
condensation heat transfer coefficients using the left and right outer wall temperatures are 
relatively small, and their magnitudes independent of flow conditions for both vertical 
downflow and vertical upflow as shown in Fig. 6.5(b) and Fig. 6.6(b), respectively.  The 
maximum differences between the condensation heat transfer coefficients based on the 
left and right outer wall temperatures for vertical downflow and vertical upflow are 3.08% 
and 3.19%, respectively.  Again, it is important to note that all heat transfer results 







Figure 6.5 Axial variations of (a) outer wall temperatures (left, right and average) of 
condensation tube and cooling water temperature in heat transfer module, and (b) 
corresponding condensation heat transfer coefficients for four combinations of FC-72 and 
water mass velocities for vertical downflow. 
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Figure 6.6 Axial variations of (a) outer wall temperatures (left, right and average) of 
condensation tube and cooling water temperature in heat transfer module, and (b) 
corresponding condensation heat transfer coefficients for four combinations of FC-72 and 
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 6.2.3 Heat Transfer Trends 
Figures 6.7(a), 6.8(a), and 6.9(a) show axial variations of the outer wall 
temperature of the inner tube, Twall,o, corresponding to four different FC-72 mass 
velocities at a fixed water mass velocity for horizontal flow, vertical downflow, and 
vertical upflow, respectively.  Axial variations of water temperature, Tw (z), for the same 
operating conditions are shown in Figs. 6.7(b), 6.8(b), and 6.9(b) for the three 
orientations.  These axial variations are determined from third-order polynomial curve 
fits to axial distance.   
These temperature distributions are used to calculate corresponding variations of 
the amount of heat transferred from the FC-72 to the water per unit length, dq/dz, using 
Eqs. (9) and (11) as shown in Figs. 6.7(c), 6.8(c), and 6.9(c) for horizontal flow, vertical 
downflow, and vertical upflow, respectively, and the FC-72 mass quality, x, using
 as shown in Figs. 6.7(d), 6.8(d), and 6.9(d).  For all three flow 
orientations, as presented in Figs. 6.7(c), 6.8(c), and 6.9(c), dq/dz for all operating 
conditions is highest in the upstream region, where the condensate film is thinnest, and 
decreases gradually downstream as the film thickens.  Overall, dq/dz increases with 
increasing mass velocity of FC-72 due to increased vapor shear.  As expected, Figs. 
6.7(d), 6.8(d), and 6.9(d) show x is highest in the upstream region and decreases 
gradually towards the outlet. 
Figures 6.7(e), 6.8(e), and 6.9(e) show axial variations of the experimentally 
determined local FC-72 heat transfer coefficient, h, in both the single-phase superheated 
vapor region and two-phase condensation region, which are computed using the 




temperature distributions shown in Figs. 6.7(a,b), 6.8(a,b) and 6.9(a,b).  In Figs. 6.7(e), 
6.8(e), and 6.9(e), the heat transfer coefficient increases sharply in the superheated region 
near the inlet, and reaches peak value where the liquid film is initiated for all three 
orientations.  While a clearly defined single-phase vapor flow region before the peak 
point would yield a fairly constant h value, the unexpected increasing trend of h in the 
upstream region may be explained by the film condensation commencing in a 
circumferentially nonuniform manner within the predominantly single-phase vapor 
region where xe > 1.  The peak value is believed to occur when the liquid film fully 
covers the inner circumference.  As presented in Figs. 6.7(e), 6.8(e) and 6.9(e), h 
decreases downstream of the peak value for all mass velocities of FC-72 as the liquid 
film thickness gradually increases for all three orientations.  The overall magnitude of h 
increases with increasing GFC due to the thinning of the liquid film resulting from the 
increased vapor shear.    





Figure 6.7 Axial variations of measured and fitted temperatures of (a) outer wall of 
condensation tube, (b) cooling water in heat transfer module, (c) heat transferred from 
FC-72 to cooling water per unit distance, (d) quality of FC-72, and (e) heat transfer 
coefficient for four FC-72 mass velocities for horizontal flow. 
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Figure 6.8 Axial variations of measured and fitted temperatures of (a) outer wall of 
condensation tube, (b) cooling water in heat transfer module, (c) heat transferred from 
FC-72 to cooling water per unit distance, (d) quality of FC-72, and (e) heat transfer 
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Figure 6.9 Axial variations of measured and fitted temperatures of (a) outer wall of 
condensation tube, (b) cooling water in heat transfer module, (c) heat transferred from 
FC-72 to cooling water per unit distance, (d) quality of FC-72, and (e) heat transfer 
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 6.2.4 Comparison of Local Heat Transfer Coefficient 
Figure 6.10 compares local condensation heat transfer coefficients for the three 
orientations and five sets of operating conditions.  Figures 6.10(a) and 6.10(b) are for 
relatively low FC-72 mass velocities of GFC = 116.80 kg/m2s and GFC = 232.96 kg/m2s, 
respectively, which show vertical downflow achieves the highest local condensation heat 
transfer coefficient values and horizontal flow and vertical upflow moderate and lowest 
values, respectively.  Even though the flow images in Fig. 6.3 for GFC = 132.95 kg/m2s, 
GFC = 136.51 kg/m2s and GFC = 132.97 kg/m2s for horizontal flow, vertical downflow, 
and vertical upflow, respectively, show very similar film behavior, the local condensation 
heat transfer coefficients in Fig. 6.10(b) for GFC = 232.96 kg/m2s exhibit differences in 
magnitude depending on flow orientation.  This means gravity has a measureable 
influence on liquid film velocity despite seemingly similar film behavior for the different 
flow orientations. 
As the mass velocity of FC-72 is increased further to GFC = 386.53 kg/m2s, as 
shown in Fig. 6.10(c), the axial variation and magnitude of the heat transfer coefficient 
for horizontal flow and vertical downflow become quite similar, while those for vertical 
upflow show lower magnitude.  For the two highest FC-72 mass velocities of GFC = 
424.59 and 576.65 kg/m2s in Fig. 6.10(d) and Fig. 6.10(e), respectively, the influence of 
gravitaty is insignificant due to high interfacial shear, and the local heat transfer 
coefficients for all orientations appear to converge with one another.  
Figure 6.11 shows another set of comparisons of local heat transfer coefficients 
corresponding to the different orientations for the same operating conditions as those of 




plots exclude the region from the inlet to the peak point corresponding the single-phase 
superheated vapor region captured in Fig. 6.10.  Due to the axial increase in the liquid 
film thickness, h shows a monotonic decreasing trend with xe for all cases.  Differences in 







Figure 6.10 Comparison in axial variation of experimentally determined condensation 
heat transfer coefficient  in heat transfer module for different flow orientations for (a) GFC 
= 116.80 kg/m
2
s and Gw =308.32 kg/m
2
s , (b) GFC = 232.96 kg/m
2
s and Gw = 277.49 
kg/m
2
s , (c) GFC = 386.53 kg/m
2
s and Gw = 246.65 kg/m
2
s , (d) GFC = 424.59 kg/m
2
s and 
Gw = 246.65 kg/m
2
s, and (e) GFC = 576.65 kg/m
2
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Figure 6.11 Comparison in variation of experimentally determined condensation heat 
transfer coefficient in heat transfer module with thermodynamic equilibrium quality for 
different flow orientations for (a) GFC = 116.80 kg/m
2
s and Gw =308.32 kg/m
2
s , (b) GFC 
= 232.96 kg/m
2
s and Gw = 277.49 kg/m
2
s , (c) GFC = 386.53 kg/m
2
s and Gw = 246.65 
kg/m
2
s , (d) GFC = 424.59 kg/m
2
s and Gw = 246.65 kg/m
2
s, and (e) GFC = 576.65 kg/m
2
s 
and Gw = 308.30 kg/m
2
s.  These plots exclude the superheated region data captured in 
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 6.2.5 Comparison of Average Condensation Heat Transfer Coefficient 
Figure 6.12(a) shows the variation of the average condensation heat transfer 
coefficient, , with FC-72 mass velocity, GFC, for the different orientations.  The values 
shown in the figure are averaged over the two-phase condensation region excluding the 
upstream superheated vapor region.  For all flow orientations,  increases with 
increasing GFC because of the increased interfacial shear and liquid film thinning.  Up to 
GFC = 309.65 kg/m2s,  for vertical downflow is higher than those of horizontal flow and 
vertical upflow, which is similar to the variations of the local heat transfer coefficient in 
Figs. 6.10-6.11.  For GFC ≥ 347.94 kg/m2s,  for vertical downflow and horizontal flow 
are almost identical, while  for vertical upflow is relatively smaller.  For GFC ≥ 424.48 
kg/m2s,  for vertical upflow converges with those for vertical downflow and horizontal 
flow. 
The trend explained above for the variation  is more clearly illustrated in Fig. 
6.12(b), in which  is plotted against GFC/ρFC,f .  In this figure, the values of  for 
vertical downflow and vertical upflow are normalized by those for horizontal flow.  
Shown in Fig. 6.12(b), the ratio of vertical downflow to horizontal flow converges to an 
asymptotic value of unity for GFC/ρFC,f  > 0.22 m/s, while the ratio for vertical upflow to 














Figure 6.12 (a) Comparison of experimentally-determined average condensation heat 
transfer coefficient over two-phase region with FC-72 mass velocity.  (b) Variations of 
heat transfer coefficient averaged over two- phase region with mass velocity; heat 
transfer coefficients for vertical upflow and vertical downflow are normalized relative to 
those for horizontal flow.
(b)
(a)
        Ratio of vertical downflow to horizontal flow
        Ratio of vertical upflow to horizontal flow
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CHAPTER 7. CONDENSATION MODEL 
7.1  Control Volume Analysis 
Recently, Kim and Mudawar [41] examined the pressure drop and heat transfer 
characteristics for annular condensation of FC-72 in square horizontal micro-channels.  
They developed a theoretical control-volume-based model based on the assumptions of 
smooth interface between the annular liquid film and vapor core, and uniform film 
thickness around the channel’s circumference.  Since the present study concerns 
condensation in vertical downflow, a theoretical model similar to that of Kim and 
Mudawar is adopted, which is modified to incorporate the influence of gravity.  
Following the solution procedure of Kim and Mudawar, mass and momentum 
conservation are applied to control volumes encompassing a portion of the liquid film 
and the vapor core as illustrated in Fig. 7.1.  First, mass conservation for the liquid film 











where the mass flow rates of the liquid film and the vapor core, and the rate of interfacial 
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=Γ . (24)  
 Neglecting axial momentum changes in the liquid film and applying momentum 
conservation to the liquid film control volume illustrated in Fig. 7.1(a) yield 
 τ = − d p
dz










τ i Pf ,δ +Γ fg ui
Pf , y
, (25)  
where the flow area, Af,*, local perimeter, Pf,y, and interfacial perimeter, Pf,δ, can be 
expressed, respectively, as 





−−−= DyDAf , (26) 
 ( )yDP yf 2, −= π , (27) 
and ( )δπδ 2, −= DPf . (28) 


















μτ 1 , (29) 
where  is the eddy momentum diffusivity.  Substituting Eq. (29) into Eq. (25) and 
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  (31) 
where the interfacial velocity, ui, can be determined by setting y = d in Eq. (30). 
 Applying momentum conservation to the vapor core control volume illustrated in 
































where the flow area of the vapor core is Ag ( ) 4/2 2δπ −= D . 
 The interfacial shear stress is the result of velocity differences between the vapor 
core and interface, modified by the influence of interfacial momentum transfer due to 
condensation; the later is obtained using a treatment by Wallis [56], 
 τ i =
1
2
fi ρg ug −ui( )
2
+
ug −ui( ) Γ fg
2Pf ,δ




The interfacial friction factor, fi, can be determined from relations by Shah and London 
[111], 
 cif Re16=  for ,000,2Re <c  (34a)  
 25.0Re079.0 −= cif  for 000,20Re000,2 <≤ c , (34b) 
and 2.0Re046.0 −= cif  for 000,20Re ≥c , (34c)            
where Rec is the effective vapor core Reynolds number given by 
 Rec =
ρg ug −ui( ) D− 2δ( )
μg
. (35) 
It is noted that the same model is adopted for vertical upflow and horizontal flow 
condensation according to flow direction.  The control volumes the model is based upon 
are present in Fig. 7.2 and Fig. 7.3 for vertical upflow and horizontal flow, respectively.  
The models used for vertical upflow and horizontal flow are briefly summarized with all 










Figure 7.1 Momentum and force components for (a) liquid film control volume and (b) 































τ i Pf , δ Δz























τ i Pf ,δ Δz τ Pf ,y Δz
zΔ
τ Pf ,y Δz
y


















Figure 7.2 Momentum and force components for (a) liquid film control volume and (b) 
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Figure 7.3 Momentum and force components for (a) liquid film control volume and (b) 
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Momentum conservation for liquid film 
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Velocity profile across the film 
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2
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fi =16 Rec for Rec < 2,000 ; f i = 0.079Rec
−0.25 for 2,000 ≤ Rec < 20,000,
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Turbulent Prandtl number [56] 
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Turbulent Prandtl number [45] 
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7.2  Determination of the Condensation Heat Transfer Coefficient 






















































=* , (39) 
and PrT is the turbulent Prandtl number (em/eh), which, as discussed by Mudawar and El-




















=+ .  (41) 
 Based on Mudawar and El-Masri’s turbulent mixing length profile [44], which 
incorporates an eddy-diffusivity profile measured by Ueda et al. [43], Kim and Mudawar 
[41] derived the following form of eddy momentum diffusivity distribution in a shear-
driven film (as discussed in [41], this profile is used for macro-channels, which is 


















































22 , (42) 












dPA wff τρμ , (43) 
and, based on Eq. (25),  
 
































































































































To determine h(z), the model equations are solved numerically using a finite 
difference technique.  The axial distance is divided into small Δz increments and 
calculations are repeated until the outlet of the condensation length is reached.  The 
average heat transfer coefficient, , for the annular region is obtained by averaging the 
values of h(z) predicted by the model over the annular region downstream of the peak 






7.3  Limitations of Annular Flow Model in Upflow Condensation 
The results presented thus far prove that upflow condensation is quite complex, 
given the possibility of occurrence of multiple flow regimes along the condensation 
length as shown in Fig. 4.10(a).  Of the four regimes discussed earlier, only climbing film 
flow may be effectively predicted using an annular flow model because of the concurrent 
flow of vapor and liquid.  
  However, the existence of the climbing flow regime is a necessary but not 
sufficient criterion for the applicability of an annular flow model.  As shown in Fig. 
4.10(a), climbing film flow occurs over the entire measurement length only for very high 
GFC.  This regime is nonexistent for the lowest GFC, and occurs upstream of flooding, 
oscillating film, and/or falling film flows for intermediate values of GFC.  For conditions 
where climbing film flow occurs upstream of other regimes, the applicability of the 
annular flow model may be compromised by downstream flow oscillations.  Additionally, 
the annular flow solution procedure encounters a singularity when even a very small 
portion of the liquid in the climbing film flows downward.   
Because of these limitations, the annular flow model is applicable only to 
conditions where (i) climbing film flow is encountered over a significant portion of the 
measurement length and (ii) all the liquid in the film flows concurrently upwards with the 
vapor.  A simple criterion of climbing film flow occurring over 50% of the measurement 
length proved effective at satisfying both of these conditions.  This limited the number of 





7.4  Model Predictions for Vertical Downflow Condensation 
Figure 7.4 compares the average heat transfer coefficient values predicted by the 
annular model to the experimental data.  Good predictions are evidenced by a mean 
absolute error of 12.59%, with most of the predictions falling within ±30% of the data.  
This demonstrates the effectiveness of both the control volume approach and eddy 
diffusivity profile.   
One possible reason for the slight differences between the predicted and measured 
values is the annular film’s interfacial waviness, which is not accounted for in the model.  
Waviness can influence annular condensation in several ways, by increasing interfacial 
area, altering turbulence within the film, and causing fluctuations in film thickness with 








Figure 7.4 Comparison of predicted and experimentally determined average condensation 
































7.5  Model Predictions for Vertical Upflow Condensation 
Figure 7.5 compares the model predictions of h  with the experimental data.  As 
indicated earlier, the experimental values examined here are for 16 cases with the 
climbing film occurring over 50% of the measurement length.  The data are predicted 
with a mean absolute error of 23.26%.  One key reason for deviations between predicted 
and measured values is the influence of downstream flow oscillations and other flow 
regimes on the upstream climbing film flow.  Another reason for the deviations is the 
inability of the annular model to account for the annular film’s interfacial waviness.  The 
importance of interfacial waves is evident from past studies involving adiabatic, heated 
and evaporating liquid films [45-48, 114, 115].  Waviness can influence annular 
condensation in several ways, by increasing interfacial area, altering turbulence within 
the film, and causing fluctuations in film thickness with the wave peaks moving faster 
than the thinner substrate.  It is therefore recommended that future models incorporate the 








Figure 7.5 Comparison of predicted and experimentally determined average condensation 
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7.6  Model Predictions for Horizontal Flow Condensation 
 7.6.1 Model Predictions 
 Figure 7.6(a)-(d) shows the model predictions of the variations of film Reynolds 
number, Ref, vapor core’s Reynolds number, Reg, interfacial shear stress, τi, and film 
thickness, d, respectively, with thermodynamic equilibrium quality for four sets of 
operating conditions.  Figure .7.6(a) shows Ref increases monotonically with decreasing 
xe (i.e., increasing z).  The fastest increase in Ref is associated with the largest GFC, which 
results in the highest interfacial shear and heat transfer coefficient.  On the other hand, 
Fig. 7.6(b) shows Reg decreasing with decreasing xe, again with the fastest decrease 
associated with the highest GFC.  Figure 7.6(c) shows τi decreasing with decreasing xe, 
with the largest GFC yielding the largest τi and steepest decrease.  Figure 7.6(d) shows d 
increases along the axial condensation length as more vapor is condensed into liquid.  
Notice that a relatively small film thickness is maintained along the entire condensation 





Fig. 7.6 Predicted variations of (a) liquid film Reynolds number, (b) vapor core Reynolds 
number, (c) interfacial shear stress, and (d) liquid film thickness with equilibrium quality 
for different combinations of FC-72 and water mass velocities. 
 
 7.6.2 Predictions of Local Condensation Heat Transfer Coefficient 
 Figure 7.7(a)-(d) shows, for four FC-72 mass velocities, the variations of the 
experimentally-determined local condensation heat transfer coefficient, h, with 
thermodynamic equilibrium quality, xe, along with predictions of the annular model and 
six popular and recent correlations.  The heat transfer coefficient results and predictions 
are associated with the two-phase region only and utilizing the average outer wall 
temperature.  The correlations used are summarized in Table 7.3.  The experimentally-
determined heat transfer coefficient is highest near xe = 1 and decreases monotonically 
with decreasing xe because of the afore-mentioned axial thickening of the condensation 
film.  This trend is captured by the annular model and all six correlations, but with 
(d)
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differences near xe = 1.  The model and three of the correlations based on the Lockhart-
Martinelli parameter, Xtt, (Koyama et al. [24], Huang et al. [15] and Park et al. [16]) 
show a sharp decrease in h near xe = 1, where the liquid film is the thinnest.  On the other 
hand, the correlations of Cavallini and Zecchin [18] and Shah [25], which do not rely on 
the Lockhart-Martinelli parameter, do not predict the sharp upstream decrease.  In fact, 
the Shah correlation shows h increasing in the same region.  Despite its dependence on 
the Lockhart-Martinelli parameter, Xtt, the correlation of Dobson and Chato [21] does not 
predict the sharp decrease near xe = 1 because of its weak dependence on Xtt.  And, while 
the experimentally-determined h does not display the expected sharp decrease, this may 
be the result of the film being initiated in a more gradual manner rather than abruptly at xe 
= 1 as discussed earlier in conjunction with Fig. 5.6.  Despite the differences near xe = 1, 
the annular model and all six correlations provide fairly good predictions of the data in 
terms of overall magnitude and trend with decreasing xe.  
 Figure 7.7(a) shows the model and all six correlations underpredict the data for 
GFC = 116.80 kg/m2s.  Figure 7.7(b) shows the annular model and correlation by Koyama 
et al. underpredict the data, while the other correlations overpredict for GFC = 271.73 
kg/m2s.  Figures 7.7(c) and 7.7(d) show the model and all the correlations overpredict the 





Figure 7.7 Comparison of quality dependence of experimentally-determined local 
condensation heat transfer coefficient with predictions of the annular flow model and 
prior correlations for (a) GFC = 116.80 kg/m
2
s, (b) GFC = 271.73 kg/m
2
s, (c) GFC = 424.46 
kg/m
2
s, and (d) GFC = 576.41 kg/m
2
s.  Comparison of experimentally-determined average 
condensation heat transfer coefficient with predictions of (e) prior correlations and (f) the 
annular flow model. 
  
























Shah (2009), MAE = 37.49%
Cavallini & Zecchin (1974), MAE = 55.29%
Dobson & Chato (1998), MAE = 64.19%
Koyama et al. (2003), MAE = 15.91%
Huang et al. (2010), MAE = 64.09%
Park et al. (2011), MAE = 21.67%














GFC = 576.41 kg/m2s







Cavallini & Zecchin (1974)
Dobson & Chato (1998)
Koyama et al. (2003)
Huang et al. (2010)
Park et al. (2011)










Cavallini & Zecchin (1974)
Dobson & Chato (1998)
Koyama et al. (2003)
Huang et al. (2010)








GFC = 424.46 kg/m2s














Cavallini & Zecchin (1974)
Dobson & Chato (1998)
Koyama et al. (2003)
Huang et al. (2010)








GFC = 271.73 kg/m2s





















Cavallini & Zecchin (1974)
Dobson & Chato (1998)
Koyama et al. (2003)
Huang et al. (2010)
Park et al. (2011)
GFC = 116.80 kg/m2s














Comparison with experimental 
data obtained using Twall,o,avg

















Table 7.3. Condensation heat transfer correlations. 
 
 7.6.3 Predictions of Average Condensation Heat Transfer Coefficient 
 Figures 7.7(e) and 7.7(f) compare the experimentally-determined average heat 
transfer coefficient, h , to predictions of the aforementioned six correlations and the 
annular model, respectively.  Here, the heat transfer coefficient is averaged over the two-
phase region only, excluding the short superheated region neat the inlet.  The 
comparisons shown include data corresponding to all flow regimes, but exclude data for 
the six sets of operating conditions associated with subcooled liquid exit conditions.  The 
data are based on the average outer wall temperature. 
 Figure 7.7(e) shows the correlations predict the data with good to fair accuracy 
with mean absolute errors (MAEs) ranging from 15.91 to 64.19%, where 
MAE = 1 N( ) h pred − h exp( ) h exp∑ .  Overall, the correlations underpredict the data in the lower 
h  range and overpredict in the high h  range, with the correlation by Koyama et al. [24] 
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yielding the best prediction, with the lowest MAE of 15.91% based on average outer wall 
temperature. 
 The model predictions in Fig. 7.7(f) show a general trend similar to that of the six 
correlations, but with far better agreement.  The underprediction of data by the model in 
the lower h  range can be explained by the low FC-72 mass velocities in this range 
yielding appreciable gravity influence, which is not addressed in the model.  On the other 
hand, overprediction of the data in the higher h  range may be related to interfacial waves, 
which, again, are not addressed in the model.  Interfacial waves can influence annular 
condensation in several ways, by increasing interfacial area, altering turbulence within 
the film, and causing fluctuations in film thickness with the wave peaks moving faster 
than the thinner substrate.  Nonetheless, with a MAE of 14.85%, the model provides good 
predictions of the data. 
 Aside from the need to address the influence of gravity for low mass velocities, it 
is recommended that future models incorporate the influence of interfacial waves.  This 
important influence is prevalent in several two-phase flow configurations, including 
gravity-driven adiabatic films [47, 48, 114, 115], sensibly heated films [45], evaporating 
films [46], and even in near critical heat flux flow boiling [39, 40].  Further research is 
required to statistically characterize film thickness variations [47-49, 114, 115], as well as 
measure the influence of waves on velocity profile across the film [48, 115]. 
7.7  Forces on Liquid Film 
The magnitude of the gravitational force compared to other forces acting on the 




compare the magnitudes of forces acting on the liquid film and identify dominant forces 
for different flow conditions, a control volume model for annular flow is used.   
Figure 7.8 shows control volumes encompassing a portion of the liquid film along 
with the relevant forces for the three flow orientations.  Important parameters influencing 
these forces are the rate of interfacial mass transfer due to condensation per unit distance,
, interfacial velocity, ui, axial pressure gradient, -dP/dz, interfacial shear stress, τi, wall 
shear stress, τw, and gravity, g.  Using the annular flow model, the magnitudes of forces 
per unit length associated with these parameters are computed.  As shown in Fig. 7.8(a), 
gravity is neglected for horizontal flow condensation with a circumferentially 
symmetrical liquid film, and the magnitude of body force on the liquid film per unit 
length is used for comparative purposes only. 
Figure 7.9 shows axial variations of the magnitudes of forces per unit length 
corresponding to five different operating conditions and all three flow orientations.  The 
magnitude of momentum transfer from the vapor core to the liquid film per unit length is 
computed by the product of  and ui.  The magnitude of force per unit length acting on 
the liquid film due to the pressure gradient is obtained by the product of axial pressure 
gradient, dP/dz, and cross sectional area of the liquid film.  The product of interfacial 
perimeter and interfacial shear stress, τi, yields the magnitude of the interfacial shear 
force per unit length.  Similarly, the magnitude of wall shear force per unit length is 
obtained from the product of the liquid film perimeter and wall shear stress, τw.  Finally, 
the magnitude of body force per unit length is computed as the product of cross sectional 
area of the liquid film, density of liquid, and gravity, g.  It should be noted that the 






FC-72 during vertical upflow condensation because of a singularity encountered in the 
solution procedure even when any portion of liquid in the climbing film flows downward. 
 
 
Figure 7.8 Momentum and force components of liquid film control volume for (a) 
horizontal flow, (b) vertical downflow, and (c) vertical upflow.   
 
As shown in Fig. 7.9, the force per unit length due to the axial pressure gradient is 
negligible for all FC-72 mass velocities and all three orientations.  The momentum 
transfer per unit length is relatively small compared to other forces for all orientations;  it 
is nearly as insignificant as the force due to the axial pressure gradient for lower FC-72 
mass velocities, and increases with increasing FC-72 mass velocity for all orientations.  
In the upstream region, the wall shear force per unit length is highest among all forces for 
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condensation length.  The rate of decrement of wall shear force per unit length is slowest 
for vertical downflow and fastest for vertical upflow.  The interfacial force per unit length 
exhibits a trend similar to that of wall shear, having peak value in the upstream region 
and decreasing gradually along the condensation length.  Note that the rate of decrement 
of interfacial shear per unit length for horizontal flow is nearly same as that of wall shear 
force for the same orientation, but a bit faster for vertical downflow.  The rate is slowest 
for vertical upflow, which results in greater interfacial shear force per unit length than 
that of wall shear force in the downstream region.  
Shown in Fig. 7.9, the body force per unit length increases axially as the liquid 
film thickens.  For two lowest FC-72 mass velocities, where the average condensation 
heat transfer coefficient for horizontal flow is smaller than for vertical downflow, the 
body force per unit length for both orientations is relatively large compared to the other 
forces.  For GFC = 348.70 and 348.31 kg/m2s for horizontal flow and vertical downflow, 
respectively, where the average condensation heat transfer coefficient is nearly identical 
for both orientations, the body force is smaller than wall shear and interfacial shear as 
shown in Fig. 7.9(c).  For vertical upflow with a similar FC-72 mass velocity of GFC = 
347.94 kg/m2s, the body force is greater than that of wall shear and interfacial shear in the 
downstream region, which explains the relatively smaller average heat transfer 
coefficient for vertical upflow compared to the other two orientations.  For higher FC-72 
mass velocities, Fig. 7.9(d)-(e), for which the experimentally determined average 
condensation heat transfer coefficient is nearly identical for the three orientations, the 
body force exhibits very similar trends for horizontal flow and vertical downflow.  Even 




shear force in the downstream region, but smaller than interfacial shear force over the 
entire condensation length.  For vertical upflow, the direction of interfacial shear force is 
opposite of that of body force, and the influence of gravity is diminished when interfacial 





Figure 7.9 Assessment of the magnitudes of forces per unit length for different FC-72 and 
water mass velocities.
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CHAPTER 8. CONCLUSIONS 
8.1 Vertical Downflow Condensation 
This study investigated the interfacial and heat transfer characteristics of annular 
condensation of FC-72 in vertical downflow.  High-speed video imaging provided 
valuable insight into the film’s interfacial behavior for different flow rates of FC-72 and 
cooling water.  Detailed temperature measurements enabled the determination of axial 
variations of the condensation heat transfer coefficient.  A theoretical control-volume-
based model was developed, which accounts for the influence of surface tension on 
turbulence in the vicinity of the interface.  Key findings from the study can be 
summarized as follows: 
(1) For very low flow rates of FC-72 and corresponding exit film Reynolds numbers 
below 770, the film is smooth and laminar.  Increasing the flow rate of FC-72 for a 
fixed flow rate of the cooling water, turns the film turbulent with the interface 
incurring chaotic interfacial waves, especially for exit film Reynolds numbers above 
1,800.  This behavior is largely the result of the increased interfacial shear associated 
with higher FC-72 flow rates.    
(2) With inlet conditions slightly superheated, the measured local heat transfer coefficient 
is relatively low near the inlet and increases rather sharply to peak value where the 




peak value because of the gradual thickening of the liquid film.  However, the data 
show a downstream minimum before increasing again towards the outlet.  Two 
possible reasons for the downstream increase are transition from laminar to turbulent 
flow, and heat transfer enhancement caused by the more intense downstream 
waviness.  Increasing the flow rate of FC-72 increases the heat transfer coefficient 
because of the increasing vapor shear and resulting thinning of the film.  Increasing 
the flow rate of cooling water decreases the heat transfer coefficient upstream by 
hastening the condensation process and thickening the film in the upstream 
conduction-dominated region.  However, the increase in cooling rate precipitates both 
an earlier transition to turbulent flow and an increase in turbulence overall, which 
enhance the heat transfer coefficient downstream. 
(3) A new control-volume-based model is proposed for annular condensation in which 
mass, momentum, and energy conservation relations are applied to control volumes 
encompassing the liquid film and vapor core separately.  The model also incorporates 
an eddy diffusivity profile for the liquid film that accounts for interfacial dampening 
of turbulence due to surface tension.  The model shows good accuracy in predicting 
the average condensation heat transfer coefficient data in both magnitude and trend, 
evidenced by a mean absolute error of 12.59%.  Future improvement to the model 
predictions is possible by addressing the influence of interfacial waves, which is not 






8.2 Vertical Upflow Condensation 
This study explored the various flow regimes encountered in upflow condensation 
of FC-72 in a vertical tube.  Interfacial interactions were examined with the aid of high-
speed video to segregate flow regimes and construct a comprehensive flow regime map.  
Heat transfer measurements were used to assess differences in heat transfer behavior 
between the different regimes.  An annular flow model was constructed to predict heat 
transfer corresponding to concurrent upflow conditions.  Key findings from the study are 
as follows. 
(1) Four condensation regimes were identified, which, in the direction of increasing 
vapor velocity, are falling film, where the condensing film is driven downwards by 
gravity opposite to the vapor flow, oscillating film, where the film flow oscillates 
between upwards and downwards, flooding, where film begins to be carried upwards 
by the vapor shear, and climbing film, where the film motion is decidedly upwards as 
the vapor shear begins to dwarf the influence of gravity.  The four flow regimes are 
well segregated in a map based on dimensionless superficial velocities of the vapor 
and liquid.  Transition lines between the regimes are accurately predicted by the 
Wallis flooding relation [53] modified with different empirical coefficients. 
(2) The local condensation heat transfer coefficient decreases along the condensation 
length because of gradual thickening of the film, except for high FC-72 mass 
velocities, where the heat transfer coefficient reaches a minimum before increasing 
downstream because of turbulence and intensified interfacial waviness.  Overall, the 
heat transfer coefficient increases with increasing FC-72 mass velocity, which can be 




(3) The annular flow model is applicable only to the climbing film regime that features 
concurrent liquid and vapor flows.  Deviations between predicted and measured 
values are attributed to the influence of downstream flow oscillations and inability of 
the model to account for interfacial waves. 
8.3 Horizontal Flow Condensation 
 This study explores condensation of FC-72 in a circular horizontal tube with the 
aid of both detailed heat transfer measurements and high-speed video motion analysis.  
Using a condensation module specifically designed for flow visualization, dominant 
condensation flow regimes are identified for different combination of mass velocities of 
FC-72 and cooling water.  A separate test module specifically developed for acquisition 
of detailed heat transfer data is used to explore axial and circumferential variations of the 
condensation heat transfer coefficient.  The heat transfer data are compared to predictions 
of both prior correlations and a control-volume-based annular flow model.  Key findings 
from the study are as follows: 
(1) Four condensation regimes are identified, which, in order of increasing FC-72 mass 
velocity and decreasing gravity effects are stratified, stratified-wavy, wavy-annular 
with gravity influence, and wavy-annular without gravity influence.  In the latter 
regime, which is achieved at high FC-72 mass velocities, motion of the annular film 
is dominated by vapor shear with no apparent gravity effects. 
(2) Using four different types of flow regime maps, transitions between the different 




correlations show fair agreement with the present flow regime data.  New relations 
are also derived, which show better accuracy in predicting the regime transitions. 
(3) The effects of gravity are reflected in differences in the heat transfer coefficients 
determined from thermocouples inserted on the top versus bottom of the condensation 
tube.  These differences are more pronounced for the stratified and stratified-wavy 
regimes.  The heat transfer coefficient is highest near the inlet, where quality is near 
unity and the film thinnest, and decreases gradually along the condensation length 
because of axial thickening of the liquid film.  The heat transfer coefficient increases 
with increasing mass velocity of FC-72, which both increases interfacial shear and 
decreases film thickness.  
(4) The experimental data of both the local and average condensation heat transfer 
coefficients show fair to good agreement with predictions of prior and popular 
correlations.  But superior predictions in both trend and magnitude are achieved with 
the annular flow model.  A key advantage of the model is the ability to track detailed 
axial variations of film thickness, interfacial shear, and both liquid and vapor 
Reynolds numbers.  
8.4 Orientation Effects on Flow Condensation 
 The study of orientation effects explores condensation of FC-72 in a circular tube 
at three different flow orientations (horizontal, vertical downflow and vertical upflow) 
with the aid of detailed heat transfer measurements and high-speed video motion analysis.  
Flow images captured with a condensation module specifically designed for flow 




gravity for different combinations of mass velocities of FC-72 and cooling water and the 
three orientations.  Axial and circumferential variations of the condensation heat transfer 
coefficient for the three orientations are explored with the aid of experimental data 
obtained using a separate test module specifically developed for acquisition of heat 
transfer data.  Local and average condensation heat transfer coefficients are compared for 
the three orientations to assess the influence of body force on condensation heat transfer.  
Theses results are also used to determine flow conditions that negate the influence of 
body force altogether.  Finally, an annular flow model is used to compute the magnitudes 
of forces acting on the liquid film for different combinations of mass velocities of FC-72 
and cooling water in pursuit of identifying dominant forces for each orientation.  Key 
findings from the study are as follows. 
(1) Comparing flow images for the different orientations shows very different liquid film 
behavior at relatively low and moderate FC-72 mass velocities, where vapor shear is 
smaller than the gravitational force acting on the liquid film.  As the FC-72 mass 
velocity becomes high enough, the annular film motion becomes similar for the 
different orientations as the vapor shear overcomes the influence of gravity.   
(2) The effects of gravity are evidenced by differences in the heat transfer coefficients 
determined from thermocouples installed on the top versus bottom of the 
condensation tube for horizontal flow.  These differences are more pronounced for 
low FC-72 mass velocities, but become less significant with increasing FC-72 mass 
velocity due to the increasing vapor shear.  For vertical downflow and vertical upflow, 




thermocouples installed on the right versus left sides of the condensation tube 
regardless of operating conditions.  
(3) The influence of gravity on condensation heat transfer is significant for low mass 
velocity of FC-72 of GFC/ρFC,f  < 0.22 m/s.  For 0.22 m/s < GFC/ρFC,f  < 0.27 m/s, 
differences in heat transfer coefficients for horizontal flow and vertical downflow are 
negligible as the influence of gravity diminishes for both orientations, while the heat 
transfer coefficient for vertical upflow is lower than for the other two orientations. 
The influence of gravity on vertical upflow becomes insignificant for GFC/ρFC,f  > 0.27 
m/s.    
(4) The annular flow model shows that forces due to momentum transfer from the vapor 
core to the liquid film, and axial pressure gradient have very little influence on liquid 
film motion for all three orientations.  For all operating conditions, wall shear and 
interfacial shear are significant for all orientations.  For horizontal flow, body force is 
greater than wall shear and interfacial shear in the downstream region at relatively 
low FC-72 mass velocities, but the influence of body force becomes insignificant at 
high mass velocities over entire condensation length.  For vertical upflow, body force 
is greater than wall shear and interfacial shear in the downstream region at relatively 
low FC-72 mass velocities, but, here too, the influence of body force becomes 
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